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a  ive  Inly  19  7  3  there  nave  been  ■  iglit  I : .  S  .  air  inrrnr  am  i  den  Is  a  t  !  iiait  ■ 

'i  etic. uniters  with  strong  I  ■  >w  •  1  <  ■/>  I  \»  i  s**l  shears  during  I  •.  t  -:;i  nu  !  flip!-  'perotior,.  . 

FAA  n.-seart  h  and  development  eflort  las  taken  a  threefold  approa.  ,  to  the  wi  nd 
•■'ear  problem-  Ill  de-e  !  >>p  im-  md  t  ■  •  1  mi  in  *  rip  i ;  >  vpii  '  ore-rant  ing.  t  e<  Unique.. 
procedure-  fir  (  red!  'ting  and  reporting  low- love  l  wind  shear  in  the  terminal  .on  i. 
(?)  placing  wind  shear  detection  oq  ijptiient  on  the  ground  and  t  ranter  i  it  i  eg,  inti  r- 
matiou  to  the  pilot;  and  (3)  Installing,  equipment  aboard  the  airmail  that  would 
provide  the  pilot  with  wind  shear  i nf o i mat  ion  in  “real  time". 

The  !<suir  of  the  latter  effort,  i  e.,  uirbori.--  v.  i  ■  o  ..hear  systems  and  t-'-l; 
niqties  are  evaluated  as  to  their  relative  b.nefits  .an!  costs  both  to  the  1 1 : , ■  <  .and 
ro  tiie  FAA.  Ground  speed  Is  l  major  input  variable  to  iuauv  u!  the  c.sudi  i.aio  .sir- 
borne  wind  shear  systems.  Fight  techniques  for  prnvidh:;.  -i-.md  sim  !  1 1  c  evol’-'o 

and  front  eompa.  ..oris  are  documented .  Also  evaluated  ate  tine.  so!:  out  line’  a. 
shear  syst  o->s  tha*  do  not  rely  on  ground  speed  as  i  r*‘i  oreneo  ,m.  hens-  un  .i:su 
for  displaying  wind  shear  lata. 
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1.0  F.XEClfl  1VE  SUMMARY 

'flu-  FAA  has  established  an  engineer lng  and  development  program  to: 

•  Examine  hazards  to  air  carrier  aircraft  caused  by  encounters  wlt.i 
strong  low-level  wind  shears  during  terminal  area  flight  operations. 

•  Develop  solutions  to  the  wind  shear  problem. 

•  Integrate  these  solutions  into  the  National  Airspace  System. 

The  FAA  effort  has  taken  a  threefold  approach: 

•  Develop  and  implement  improved  forecasting  techniques  and 
procedures  for  predicting  and  reporting  low-level  wind  shear 
in  the  terminal  area. 

•  Placing  wind  shear  detection  equipment  on  the  ground  and 
transmitting  information  to  the  pilot. 

•  Placing  equipment  in  the  aircraft  that  would  provide  wind  shear 
information  to  the  pilot  in  real  time. 

The  ground  system  phase  has  already  been  completed  and  the  low  Level  Lind 
Shear  ALert  System  (LLWSAS)  is  currently  being  installed  at  60  major  ait  ports 
in  the  United  States. 

The  airborne  portion  of  the  FAA's  wind  shear  program  identified  several 

alternative  systems  or  techniques  that  would  assist  the  pilot  In  coping,  with 

the  low-level  wind  shear  problem.  This  Benef i l/0os t  Study  evaluates  those 

systems  or  techniques  that  are  considered  by  the  FAA  to  be  viable  alternatives. 

Primary  emphasis  is  placed  on  cost  evaluations  Inasmuch  as  the  benefits  of  the 

three  primary  techniques  (i.e.,  Airspeed/Groundspeed ,  Acceleration  Margin  and 

Modified  Flight  Director)  have  been  analyzed  and  documented  in  prior  FAA 
1 

studies . 

An  analysis  of  the  costs  of  alternative  viable  airborne  wind  shear  systems/ 
techniques  reveals  that  the  least  expensive  equipment  that  .'ill  pro" i do  an 
Independent  source  of  groundspeed  is  a  two-beam  Doppler  (approximately  1 1 1 r t  ■ 
thousand  dollars  to  each  user  In  quantity  production).  The  accuracy  of  this 
system,  however,  has  not  been  verified  and  may  be  less  than  the  desired 
standards  fvet  to  be  developed).  The  se.cond  least  expensive  equipment  is 
the  JLS  Doppler  invented  by  Mr.  Forrest  Yetter  ($4500  minimum  to  each  user  plus 


$9.69  million  of  FAA  costs  to  modify  601  ground  Il.S  Localizers)  .  This  system 
is  Less  subject  to  multipath  errors  than  other  systems  that  cooperate 
witli  a  ground  station.  The  third  least  expensive  system  ($7,000  to  each 
user)  is  Safe  Flight  instrument  Corporation's  self  contained  wind  shear  system. 
This  is  a  reactive  system  which  does  not  rely  on  groundspeed.  The  fourth  least 
expensive  system  (i.e.,  CE's  CORAN  at  $10,000  for  each  user)  requires  no 
ground  station  and  is  thus  not  subject  to  multipath.  This  system  is  being 
tested  by  the  FAA  at  FAATC  and  should  possess  the  desired  accuracy. 

This  study  provides  the  costs  of: 

•  Eight  methods  (including  the  above  three)  of  obtaining  groundspeed 

•  Modified  Flight  Director 

•  Acceleration  Margin 

•  Head-up  display 

•  Safe  Flight  System 

•  SFENA  system 

•  Smiths  Industries  System 

Also  the  study  provides  a  brief  description  of  each  alternative  evaluated, 
and  a  very  general  discussion  sunutiar  i  zing  the  benefits  to  be  derived.  With 
respect  to  benefits,  those  systems  which  predict  or  anticipate  a  wind  shear 
are  considered  more  safe  than  those  that  react  to  wind  shear.  This  evaluation 
is  based  on  the  fact  that  most  turboject  aircraft  do  not  possess  a  sufficient 
acceleration  capability  in  normal  approach  configuration  to  maintain  safe 
flight  through  severe  wind  shears.  Predictive  and  anticipatory  systems 
permit  the  pilot  to  adjust  his  approach  speed,  as  required,  whereas  reactive 
systems  do  not.  Accordingly,  the  three  self  contained  Wind  Shear  Systems 
currently  being  marketed  by  avionics  manufacturers  are  considered  to  have 
lower  relative  benefits  than  the  airspeed/groundspeed  and  other  viable  wind 
shear  system/ techniques  being  considered  by  the  FAA. 


2.0  BACKGROUND  AND  STATUS  OF  THE  WIND  SHEAR  PROGRAM 


2.1  BACKGROUND 

Since  July  1973  there  hive  been  eight  U.  S.  air  earlier  accidents 
attributed  to  encounters  with  strong  low-level  wind  shears  during  terminal 
area  flight  operations.  Additionally,  during  the  year  1964  through  197r),  there 
were  23  transport  category  airplane  accidents  that  occurred  during  takeofl  o i 
approach,  In  which  the  involvement  of  a  low-level  wind  shear  was  a  distinct 
possibil ity. 

In  May  1977  the  FAA  adopted  an  amendment  to  Part  121  of  the  Federal 
Aviation  Regulations  which  required  air  carriers  to  adopt  an  approved  system 
for  obtaining  forecasts  and  reports  of  adverse  weather  conditions,  including 
low  altitude  wind  shear,  that  may  affect  safety  of  flight  on  each  route  to 
be  flown  and  at  each  airport  to  be  used.  The  FAA  also  issued  Advisory  Circular 
No.  00-5QA,  Low  Level  Wind  Shear,  to  provide  guidance  in  recognizing  meteoro¬ 
logical  conditions  that  produce  wind  shear  phenomena. 

In  addition,  the  FAA  has  established  an  engineering  and  development 
program  for  the  purpose  of  examining  the  hazards  associated  with  wine,  shear, 
developing  solutions  to  the  wind  shear  problem,  and  integrating  those 
solutions  into  the  National  Airspace  System. 

2.2  FAA  RESEARCH  AND  UEVKI.OPMEN1 

The  FAA  research  ar.d  development  effort  has  taken  a  threefold  approach  to 
the  wind  shear  problem.  One  approach  was  to  develop  and  implement  improved 
forecasting  techniques  and  procedures  for  predicting  and  reporting  low-level 
wind  shear  in  the  terminal  area.  A  second  approach  has  explored  the 
feasibility  of  placing  wind  shear  deletion  equipment  on  the  ground  and  trans¬ 
mitting  information  to  the  pilot.  The  approach  considered  in  this  report 
lias  tried  to  determine  whether  equipment  could  be  installed  aboard  ; h. 
aircraft,  that  would  provide  tiie  pilot  with  wind  shear  information  in  "real 
time". 

Research  into  the  use  ol  ground-based  equipment  has  involved  various 
arravs  of  anemometers,  radar  detectors,  acoustic  devices  and  laser  sensor.'.. 

The  LLWSAS  was  selected  from  the  ground-base  techniques  and  is  being 
installed  at  60  major  airports  within  the  United  States.  This  system  will 
provide  a  warning  transmitted  to  tin-  pilot  by  an  air  traffic  controller, 
whenever  the  surface  wind  vector  difference  between  any  remote  anemometers 
(usually  installed  in  approach  and  departure  corridors)  and  the  centerfield 
anemometer  exceeds  15  knots  (7.7  nips).  Tills  system  is  particularly  effective 
in  detecting  wind  shear  caused  bv  thunderstorm  gust  fronts  at  the  surface. 


The  second  part  of  the  FAA  research  and  development  approach  to  the  wind 
shear  problem  concentrated  on  the  airborne  systems.  The  FAA,  through  a  series 
of  simulator  experiments  has  identified  a  number  of  airborne  systems  that  may 
prove  effective  in  warning  a  pilot  of  the  existence  of  wind  shear.  Also,  the 
avionics  industry  has  developed  several  systems  which  they  are  advocating  as 
aids  to  the  pilot  in  coping  with  severe  low-level  wind  shear. 

2.3  COST/BENEFIT  STUDY  REQUIREMENT 

One  task  of  contract  DOT-FA79WA-4279  in  support  of  the  FAA's  wind  shear 
system  implementation  plan  is  a  Benefit/Cost  Study  of  alternative  techniques 
for  solving  the  wind  shear  problem.  Inasmuch  as  a  decision  has  previously 
been  made  to  implement  the  LLWSAS  at  60  major  airports,  no  further  analysis 
is  required  with  respect  to  ground-based  warning  systems.  The  current  FAA 
wind  shear  Research  and  Development  activity  is  concerned  with  airborne 
systems.  Therefore,  this  study  analyzes  the  benefits  and  costs  of  those 
candidate  systems  currently  being  considered  by  the  FAA. 


i 
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3.0  CONCLUSIONS  AND  RECOMMENDATIONS 


All  airborne  techniques  currently  being  evaluated  will  increase  safetv  if 
adequate  safeguards  are  provided  to  preclude  pilots  from  flying  into  hazardous 
wind  shear  conditions  that  they  would  otherwise  have  avoided  if  a  minimum 
alert  had  been  provided. 

The  relative  ranking  (least  costly  to  most  costly)  of  the  airborne 
system  (techniques)  is: 

1.  Ai rspeed/Groundspeed  with  Miles  Phoenix  groundspeed 

2.  Airspeed/Croundspeed  with  Yetter  groundspeed 

3.  Safe  Flight  Wind  Shear  System 

4.  Ai rspeed/Groundspeed  with  CORAN  groundspeed 

5.  AIrspeed/Groundspeed  with  Modified  DME 

6.  SFENA  Avionics 

7.  Smiths  Industries  Avionics 

8.  Airspeed./Groundspeed  with  Marlow  (Luneberg  Lens)  groundspeed 

9.  Airspeed/Croundspeed  with  Inertial  groundspeed 

10.  Airspeed/Croundspeed  with  Doppler  groundspeed 

11.  Airspeed/Croundspeed  with  Precision  DME  groundspeed 

Other  systems  or  techniques  such  as  the  head-up  displays  and  data  from 
previous  airborne  measurements  are  not  true  systems  but  enhancements  to  other 
systems  and  cannot  be  evaluated  separately. 

It  is  concluded  that  viable  cost  alternatives  are  available  lor  aiding  the 
pilot  in  coping  with  hazardous  wind  shear  conditions  on  the  final  approach. 

The  least  costly  alternative  for  obtaining  groundspeed  data  (i.e.  the  Miles 
Phoenix  two  beam  Doppler)  has  not  been  tested  to  verify  that  it  possesses 
the  required  accuracy. 

Recommendations : 

•  Use  a  self  contained  airborne  wind  shear  rather  than  a  cooperative 
air/ground  system.  Self  contained  systems  are  least  expensive,  do 
not  have  multipath,  and  can  be  implemented  more  rapidly  (I.e.  do 
not  have  to  wait  for  FAA  to  secure  funds  for  ground  equipment). 


•  Investigate  accuracy  of  the  low-cost  Miles  Phoenix  Doppler  if  cost 
of  the  FAA  sponsored  C.K.  CORAM  is  not  within  the  acceptable  cost 

range. 

•  Utilize  Yetter  groundspeed  as  most  cost  effective  method  contingent 
upon  FAA  implementing  appropriate  ground  facilities. 

•  Utilize  G.  E.  CORAN  groundspeed  as  most  cost  effective  method  if 
Yetter  system  ground  facilities  are  not  implemented. 


A  .0  CANDIDATE  AIRBORNE  WIND  SHEAR  SYS  I  RMS 


A  .  1  ’M-C'.HH'CTII'N' 

liu-  FAA  conducted  a  series  of  piloted  flight  siiaul.it  ions  r  lime  !‘».i 
to  duly  1979)  to  evaluate  and  refine  pilot  aided  concepts  t  ot  -  1  n,;' 

the  wind  shear  problem.  Results  of  these  simulations  demons t j a t e  the 
three  most  promising  candidate  wind  shear  systems  to  ho:  ( J  .  Air  ■peed / 
Groundspeed  Procedure,  (2)  Modified  Plight  Director  ,  and  (3)  Ad  eiorat  ion 
Margin  . 

A  fourth  pilot  aided  system  which  has  a  potential  for  providing  visual 

cues  to  the  pilot  cf  the  wind  shear  hazard  is  Head-Up  Display  (HUD). 

2 

Also,  three  equipment,  manufacturers  have  developed  avionic  systems 
to  assist  the  pilot  In  coping  with  wind  shear. 

An  eighth  concept  suggested  mote  recently  is  a  system  which  would  provide 
landing  aircraft  with  wind  data  from  previous  airborne  measurements. 

A  summary  of  the  previous  FAA  flight  simulation  experiments  which  provide 
a  basis  for  defining  the  most  promising  wind  shear  systems  is  provided  ir: 
paragraph  A. 2  below  followed  in  paragraph  A. 3  by  a  brief  description  and  statu 
of  the  eight  candidate  systems,  identified  above. 

A. 2  MANNED  FLIGHT  SIMULATION  PROGRAM 

A  series  of  manned  flight  .simulation  experiments  was  i.ori.lii,  led  to 
identify  and  refine  the  most  effective  pilot-aiding  concepts.  Tlu  expei  imc.it: 
were  grouped  into  four  phases  of  simulations  using  botta  training  and  engin.-t  t 

References  l,'*  ,3,  \  and  7. 

Safe  Flight  Instrument  Corporation,  the  French  Avionics  Firm  nFl.NA,  and 
Britain's  Smiths  Industries 
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development  simulators  and  modeling  sho ri-haul,  medium-haul  and  wi de-body  |el 
transport  aircraft  In  current  airline  operations.  The  simulators  were  all 
equipped  with  slx-degrees-of-f reedom  movement,  visual  systems  with  variable 
weather  and  visibility,  and  a  full  complement  of  controls  for  all  flight  crew 
positions.  Each  was  capable  of  simulating  all  flight  guidance  and  control 
modes  available  on  the  aircraft  in  service  use. 

a.  Phase  I 

Phase  I  of  the  simulation  effort  was  a  controlled  screening  of  candidate 
systems  and  techniques.  The  most  effective  were  selected  for  in-depth  analysis 
and  further  refinement.  The  bulk  of  these  experiments  were  conducted  in  a  DC-10 
training  simulator  at  the  Douglas  Aircraft  Company  Flight  Crew  Training  Center 
in  Long  Beach,  California.  In  thi9  phase  of  the  simulation  effort,  pilot 
performance  data  and  subjective  pilot  opinions  were  recorded  on  highly  exper¬ 
ienced  pi lot 8 ,  most  of  whom  held  DC- 10  pilot  qualifications.  The  pilots  were 
subjected  to  various  flight  scenarios  and  wind  shear  conditions  while  being 
aided  by  several  discrete  concepts.  Examples  are: 

(1)  Wind  Shear  Advisories  based  on  ground-based  sensor  data; 

(2)  Panel  display  of  groundspeed  versus  vertical  speed  for  a  3°  glide 
slope; 

(3)  Panel  display  of  wind  shear  and  direction  (from  INS*); 

(4)  Panel  display  of  groundspeed  integrated  with  conventional  airspeed 
indicator  (AV) ; 

(5)  Panel  and  simulated  head-up  display  of  difference  between  along- 
track  wind  component  at  surface  and  aircraft  altitude  (AW); 

(6)  Panel  and  simulated  head-up  display  of  flight  path  angle  and 
potential  flight  path  angle; 

(7)  Panel  display  of  angle-of-attack;  and 

(8)  Panel  display  of  rate-of-nirspeed  change. 

*INS  -  Inertial  Navigation  System 
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The  results  of  those  experiments  Indicated  that  groundspeed/airspeed 
comparison  (AV)  ranked  as  the  best  aiding  concept  by  pilot  opinions  and  by 
the  comparison  of  recorded  landing  performance.  The  second  best  aiding 
concept  was  found  to  be  the  along-track  wind  component  comparisons  (AW) , 
either  head-up  or  head-down,  particularly  when  presented  on  a  head-up  display 
There  was  also  an  indication  that  the  head-up  displayed  flight  path  angle 
has  some  merit.  As  a  continuation  of  Phase  I,  the  top  ranking  aiding 
concepts  were  reexamined  in  the  Flight  Simulator  for  Advanced  Aircraft 
(FSAA)  at  NASA/Ames  Research  Center  using  a  Boeing  737  model.  The  results 
of  that  simulator  experiment  verified  the  findings  from  the  previous  Phase  I 
simulation  efforts. 

b .  Phase  IT 

The  Phase  II  simulation  experiments  were  conducted  in  the  Moving  Bas 
Development  Flight  Simulator  (MBDFS)  at  the  Douglas  Aircraft  Company  facility 
using  the  DC-10  model.  These  experiments  provided  an  in-depth  evaluation  of 
improved  AV,  AW,  and  flight  path  angle  (both  air  and  ground  derived)  displays 
This  activity  also  evaluated  a  modified  flight  director  system  (MFD)  developt 
by  Collins  Radio. 

The  results  of  the  more  detailed  evaluations  in  the  Phase  II  simulations 
confirmed  that  the  groundspeed/airspeed  comparison  (AV)  provides  significant 
aid  to  the  pilot  and  the  along-track  wind  component  comparison  (AWl  provides 
some  aid  to  the  pilot  in  detecting  and  coping  with  wind  shear.  In  addition, 
it  was  also  shown  that  the  modified  control  laws  (algorithms)  for  flight 
director/thru8t  commands  also  significantly  increased  the  pilots  ability  to 
handle  wind  shear  encounters.  Pilot  acceptance  of  each  of  these  concepts 
was  high. 
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Phase  III  flight  simulation  experiments  were  conducted  at  both  the  NASA 
FSAA,  using  a  Boeing  727  model,  and  at  the  Douglas  MBDFS,  using  a  DC-10 
model.  The  purpose  of  this  series  of  experiments  was  to  evaluate  several 
different  methods  of  displaying  the  AV  concept  in  the  cockpit,  to  optimize 
the  MFD  control  laws /algorithms  for  wind  shear  and  to  investigate  the  potential 
of  two  concepts  to  aid  the  pilot  in  making  the  missed  approach  or  go-around 
decision.  The  go-around  aids  evaluated  were: 

(1)  Panel  display  of  energy  rate  (a  comparison  between  actual  total 
energy  rate  of  change  and  desired  rate  of  change  for  a  3°  glide  slope) . 

(2)  Warning  indication  based  on  acceleration  margin  (a  comparison 
between  aircraft  acceleration  capability  and  the  acceleration  that  will 
be  required  to  overcome  the  shear  (AA) . 

c.  Phase  III 

The  Phase  III  simulation  results  again  demonstrated  that  the  AV  and 
MFD  concepts  were  effective  in  providing  the  pilot  the  information  required 
to  successfully  negotiate  hazardous  wind  shear  conditions.  The  AV 
concept  was  successful  in  all  the  methods  in  which  it  was  presented: 
groundspeed  displayed  on  a  digital  readout;  groundspeed  displayed  as  a 
second  needle  on  a  conventional  airspeed  indicator  (round  dial) ;  airspeed 
and  groundspeed  integrated  into  a  special  velocity  indicator  (vertical 
scale);  or  airspeed/groundspeed ,  command  displayed  on  the  fast-slow  indicator. 
In  addition,  it  was  shown  that  the  A  A  concept  provided  timely  go-round 
information  for  those  severe  shears  that  approached  or  exceeded  the  performance 
capability  of  the  aircraft. 


The  energy  rate  concept  was  -shown  to  provide  some  aid  to  the  pilot  ii. 
making  a  go-around  de<~i3ion,  but  suffered  from  one  serious  drawback  whi  i.  j 
common  to  several  of  the  unsuccessful  concepts  (such  as  angle-of-  itL.uk, 
airspeed  rate  of  change,  and  flight  path  angle)  which  were  tested  in  the 
earlier  simulations.  Although  all  of  these;  concepts  provide  a  positive 
indication  of  a  shear  condition  and  the  severity  thereof,  the  indication 
is  not  presented  until  the  shear  environment  is  encountered.  In  other  wotil 
the  pilot  is  given  an  indication  that  he  has  entered  a  hazardous  conditio;, 
that  he  did  not  want  to  enter.  On  the  other  hand,  those  successful  concept 
which  use  groundspeed  were  shown  to  be  predictive  in  nature  in  that  they 
provide  an  indication  to  the  pilot  of  the  shear  condition  which  lies  aheae 
of  the  aircraft  so  that  the  pilot  may  take  timely  action, 
d.  Phase  IV 

Phase  IV  flight  simulation  experiments  were  conducted  at  the  Dougl 
MBDFS ,  using  a  DC-10  model.  The  purpose  of  these  experiments  were  to  valid 
the  AA,  A V  and  MFD  concepts  under  worse  case  conditions  (high  gross  weigat . 
high  temperature,  high  altitude,  low  ceilings  and  low  visibilities)  and  t  . 
evaluate  the  applicable  concepts  during  non-precision  approach  and  missed 
approach  conditions.  An  existing  airspeed  indicator  was  modified  to  pro.-, 
an  analog  display  of  airspeed,  groundspeed  and  the  acceleration  margin 
calculation  all  on  the  same  instrument.  This  allowed  the  presentation  . 
wind  shear  information  within  the  normal  T-Scan  of  the  pilot.  The  AV, 

MFD  concepts  were  again  proven  to  be  successful,  even  under  marginal  pot  *  * 
and  weather  conditions,  in  aiding  the  pilot  to  safely  traverse  those  shear-, 
which  were  within  the  performance  capability  of  the  aircraft  and  to  detect 
and  avoid  those  shears  which  approached  or  exceeded  that  capability. 
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4.3  SYSTEM  DESCRIPTIONS 


A  brief  description,  status  of  dove lopment^ and  projected  availability 
of  each  of  the  eight  candidate  systems  is  provided  In  this  section, 
a.  Alrspeed/Croundapeed  Comparison  (AV) . 

(1)  The  basic  concept  which  has  proven  most  successful  in  manned 
simulation  experiments  for  a  wide  range  of  shear  conditions  on  approach  is 

the  groundspeed/alrspeed  comparison.  Basically,  it  is  a  simple  procedure  where 
by  the  pilot  computes  a  minimum  desired  groundspeed  by  subtracting  the  head¬ 
wind  component  of  the  runway  wind  from  the  approach  true  airspeed.  He  then 
flys  a  normal  approach  using  indicated  airspeed,  except  that  he  does  not 
allow  the  groundspeed  to  fall  below  the  predetermined  value.  The  procedure 
automatically  causes  the  pilot  to  add  additional  airspeed  to  compensate  for 
any  airspeed  loss  that  will  occur  when  the  shear  condition  is  reached.  As 
such,  it  is  a  predictive  procedure  so  that  if  the  amount  of  correction  needed 
exceeds  the  known  performance  capability  of  the  aircraft,  the  pilot  is  given 
the  indication  to  perform  a  missed  approach  prior  to  penetrating  the  shear 
conditions . 

(2)  Status  of  Development 

Airspeed  is  already  available  on  all  aircraft  as  a  primary 
flight  instrument.  Groundspeed  is  discussed  in  paragraph  i  below  following 
the  individual  system  descriptions  in  as  much  as  it  is  used  in  several  differ¬ 
ent  systems. 

b .  Modified  Flight  Director 

( 1 )  Description 

Modern  Flight  Directors  are  highly  damped  for  passenger 
comfort  and  are  not  responsive  enough  for  highly  dynamic  shear  conditions. 


i'.v  providing  the  pilot  i  t  h  a  se  lee  table  second  set  of  control  laws 
algorithms  which  arc  quicker,  more  active,  and  based  upon  inputs  dctiVtd 
from  groundspeed  acceleration  augment  .it  ion  and  t  i  >-,l  1 1  •  ■  r  coupling  to  the 
■lidepatn,  the  ability  t  •  *  traverse  wind  shear  con.lit  ions  is  greatly 
increase!. 

(.’)  status  of  Development 

Inder  lask  r>,  Project  4ib4,  A1  1-We.ittier  handing  Systems, 
Kng int-e r  1  n Snap,  rt  services,  designs  were  developed  for  fully  automat  i. 
control ,  ter  flight  .11  tec  tor  coupled  t.  a  full  II.S,  and  lor  flight  dire,  t 
for  tion-prec  i  s  ion  approaches.  Control  laws  wer<  designed  for  font  air.  ; 
f'V-880,  DC  10,  h-7.*7,  and  tile  <  hi  1 1  s  t  ream  I.  The  designs  were  tested  h. 
piloted  a  into  1  a  t  i  ons  and  In  the  case  of  the  tail  1st  ream,  carried  to  imai. 
mental  i  ni  in  flight  hardware.  Design,  fabrication,  installation,  and 
cl.i-ckout  of  the  mo  1  i  t  It  a  t  i  ans  required  to  implement  the  MFD  algorithms  >■ 
Cite  f  licit  director  of  the  FAA  t.ruminan  (lulfstream  !,  based  at  N’AFi  (  ,  bog 
in  November  ID’S  and  were  completed  on  1*3  Tune  197*1.  The  NAFKC.  (ailfstr. 

;  and  it  .  modified  flight  director  were  returned  to  NAFf.C  in  Inn.  !  *  1 ' * 

:  1  i  gh  ;  t  t  s  . 

Mi  ''rejected  Availability 

Modifications  t.o  existing  aircraft  could  he  aceomp  !  i  shod 
in  si  v  T.i.ntiis  or  less.  Now  systems  could  be  a  production  lint-  item. 

'  FAA-KD-79-  ,  "  Inert ial  ly  Augmented  Approach  Couplers",  Final  >.u  t  , 
lime  19/9. 
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( 4 )  Cost 

Mmi  i  i  i  ca  t  Ion  of  exi  .ting  systems:  ,11K 

Replacement  plug  Ln  flight  directors:  $<>k  X  2  =  $1.’K 
.  Acceleration  Margin  (AA) 

(1)  Description 

AA,  computed  as: 


AA  »  A 

cap 


I-WDJ 


9 

H 

H 


where 


wd  =  (  tas-gns)  -  wx  , 

gnd 


Acap  “  Acceleration  capability  of  the  airplane  in  level  flight  in 
approach  configuration  (knots/s). 

^gnd  -  Wind  component  at  ground  along  runway,  with  headed 
positive  (knots) 

TAS  =  True  airspeed  of  airplane  (knots) 

GNS  ■  Ground  speed  of  airplane  (knots) 

WD  “  Wind  difference  (knots)— d l f f ercnce  between  along-track  wind 
at  present  position  and  on  the  runway 

H  «  Altitude  of  airplane  CG  above  ground,  positive  up  (feet) 

9 

H  ■  Rate  of  change  of  altitude  with  time,  positive  up  (feet/s). 


Figure  4-1  illustrates  a  typical  system.  For  those  aircraft  currently 
having  inertial  navigators,  groundspeed  may  be  derived  from  the  current 
on  hoard  equipment.  For  other  aircraft,  an  alternative  means  of  determining 
groundtoeed  must  be  provided. 

(2)  Status  of  Development 

The  acceleration  margin  algorithm  was  validated  dnrine  Phase  111 
simulations.  During  Phase  IV,  the  algorithm  was  augmented  to  inhibit  the 


4-8 


THRUST 


go-around  advisory  If  the  wind  difference  is  hss  than  25  knots  nr  no  more  than 
8  knots  greater  than  the  airspeed  ]>nd  .  Itiese  inhibit  values  wore  determined 
Empirically  to  lower  the  criterion  for  advising  a  go-around  so  as  to  reduce 
nuisance  alarms.  A  external  source  of  ground  spped,  altitude,  altitude  rate 
and  runway  winds  is  required  to  compute  acceleration  margin. 

(3)  Projected  Availability 

This  is  a  simulation  tool  at  present  but  could  be 
converted  to  production  hardware  based  on  algorithms  used  in  the  1)010 
trainer . 

(4)  Cost 

Computer.  For  aircraft  not  equipped  witli  a  suitable  computer 
an  airborne  computer  will  cost  approximately  $1,000. 


Ground  Speed.  The  cost  <>t  ground  speed  is  discussed  in 

paragraph  i . 

Displjiy .  An  analog  display  will  usually  be  a  part  of  an 
Integrated  acrspeed/groundspeed/aci elerat ion  margin  display.  A  separate 
analog  accleration  margin  display  would  cost  $  2,000.  The  cost  of  a 

go-around  light  includes  a  computer  activated  digital  switch  and  i  panel 
light  plus  the  cost  of  installation.  Installation  cost  is  estimated  at 


$25-$50 . 


I.  liead-Dp  Display 


( 1)  Descript ion 

(a)  U . .  Developments^ 

Exploratory  trials  of  a  HUD  in  wind  shear  were  made  in  the  Lrt  - 1 0 
Phase  1  tests  at  Douglas.  The  HUD  symbology  was  generated  by  the  Vital 
III  system  and  integrated  with  the  simulated  external  visual  scene.  Ihe 
display  elements  were  composed  of  orange-colored  light  points  spaced 
close  enough  to  appear  as  lines  and  generated  brighter  than  the  light 
points  used  to  represent  the  alt  put  t  environments.  1  lie  basic  Hl.'i)  formal 
consisted  of  an  aircraft  symbol  and  horizhn  line  for  attitude  reference, 
a  depressed  sight  line  to  indicate  the  desired  glide-slope  angle,  and  a 
flight-path  marker  that  showed  the  air-mass  referenced  vertical  flight- 
path  angle  (FPA)  of  the  aircraft.  A  fast/slow  indicator  was  added  to  rhi 
basic  format  for  airspeed  management,  and  a  potential  FPA  element  .as 
included  as  an  extension  of  the  KI’A  Information. 

The  d-/„  HUD  tests  at  booing  m  i!>7‘i  were  thorough  comprehensive- 
comparison  experiments.  The  test  HUD  formats  were  selected  from  Boeing 
R&D  display  concepts  developed  in  earlier  HUD  and  Electronic  Attitude- 
Director  Indicator  programs  that  are  now  being  evaluated  for  use  on 
commercial  aircraft.  The  pilot  display  unit  (PDF),  drive  electronics, 
and  programmable  symbol  generator  supplied  by  Boeing  were  used  to  present 
experimental  HUD  formats  that  were  representative  of  current  HUD  techno  I o 
and  to  include  display  elements  that  might  be  useful  to  the  pilot  in 
detecting  and  coping  with  low-level  wind  shear  during  approach  and 
landing  operations. 

The  key  elements  of  the  hoeing  HUD  formats  ot  Interest  fot  wind- 
shear  application  were  the  display  of  flight-path  angle  and  t he  voiti.  ul 
guidance  provided  by  a  glide-path  reference  marker  and  synthf :  ic  runway. 
The  potential  value  of  displaying  "flight-path  acceleration"  lot  metro 
effective  thrust  management  during  shear  encounters  was  also  of  interest. 
Accordingly,  these  display  elements  were  emphasized  in  the  ii  Ul)  formal  s 
selected  for  the  wind-shear  tests. 


Reference  7  p.  47-52 
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Following  a  preliminary  checkout  in  the  simulator,  two  basic  versions 
of  the  1IUD  wore  selected  by  the  KAA  for  testing: 

•  An  inertial  HUD  (Ii!I:')),  distinguished  by  the  use  of  ground- 
referenced  quantities  in  the  computation  of  flight-path  display 
elements . 

•  A  noninertial  HUD  (NHUD)  with  display-element  computations 
based  on  the  assumption  that  only  standard  instrumentation 
would  be  available  on  the  aircraft. 

The  test  HUD  formats  weie  turtle  r  distinguished  by  adapting  a  VMG  modi 
for  use  when  adequate  external  visual  reference  to  the  runway  was  avail¬ 
able,  and  an  INC  mode  that  added  a  synthetic  runway  symbol  to  the  HUD 
format  as  a  substitute  for  the  actual  runway  when  visibility  was 
obscured . 

The  selected  FHUD  format  is  shown  in  Figure  4-2.  The  computation  of 
inertial  tllght-path  angle,  (r^)  in  degrees,  was: 


where : 

h  =  Vertical  veleitv  ol  she  aircraft  at  the  aircraft 
center  of  gravity  In  it/s  in  the  inertial  frame, 

CNS  =  Ground  speed,  derived  tram  the  longitudinal  velocity 
at  the  aircraft  center  of  gravity  in  ft/s. 

Flight-Path  Acceleration,  or  "potential  f 1 i ght -pa t h  angle"  (i  was 

also  computed  in  degrees,  using 

y  ^  Y,  +(---)  57.3  , 

pot  '1  \  g  / 

where : 

a  =  Longitudinal  acceleration  at  the  aircraft  center  of 
X  gravl t  y  in  f  t /s  ? 

g  =  The  gravitational  constant  (dd  ft/s*-). 

The  IHUD  was  also  distinguished  by  the  computation  of  the  lateral 
component  of  the  ill  gist-path  murkc  t"  Jisplav  the  effects  of  drift 
angle.  The  lateral  displacement  ol  tic  i ent <  i  ot  this  s  vibol  1 rom  the 


entiT  .  >  l  the  re  t  c  i  t‘ii  ■  ■  .  !  :  i  .  :  ■ .  I  v  .  1  .  a  •  ",  ,  ; 

i  . c .  ,  ail  era 1 1  heading  i1-  i  uus  runs  .%•  n.  ad  i  m;  in  degrees  ,  •.  i  :  ;»  iii-i.ai  i>’> 
values  indicating  that  aircraft  heading  was  to  the  left  o!  the  runway 

heading. 

The  final  distinguishing  feature  of  the  IHlJi>  was  that  the  all  speed 

error  symbol  on  the  left  wing  of  the  reference  airplane  symbol  was 

driven  by  the  ground-speed  management  algorithm. 

It  combined  a  selected  gr<  mid-speed  ii’lerenee  it, .VS  )  with  the  selected 

ret 

target-approach  speed  ( Vap., )  as  reference  values  for  the  display  of  speed 
error  on  the  approach. 

As  noted  curlier,  the  NHl'D  d  i  d  net  dittei  ••  row  the  lilUI)  in  appearance . 
the  distinguishing  'hatu.s  ot  the  NlilT-  w.  >  e  that ; 


•  The  display  of  a  rspe  V  ,-rtcr  was  re,  renied  to  V,  and  a  1  -i 
not  Include  the  grovtno -speed  n.ana,.v  .r  feaiurt  . 

•  The  c  output  tt  Ion  of  flight-:  mi;  anp.l <  w  s-  u  >  -  :i.a.-  i  t  -  v  >  ■ :  i  •  1. 

•  The  flight-path  svtnbo!  did  n-.j  itidiraii  l  •  if*  nigh  :  i  • 
remained  centered  on  rite  tt  ick-headinp  t  •  •  I  -  r*  n.-e  >  v;ni*<- i  ,<  . 

•  The  computation  of  flight  pat!,  ,»c<  ’  «.-v  it  i  on  was  nl-.o  air-iuus 

re  f e rented . 

•  Barometric  altitude  was  displayed  rathe:  t  h.v.  ;,i  li.i  a!,  i  tude. 


The  computation  for  air-n.iss  flight-path  angle  (  '  )  was: 

ta*  [T“"‘  (™-wx;)]"'  -‘  • 

where : 


h  =  Vertical  speed  at  the  aircraft  .enter  o  .  ••  eel  t 

in  ft/s,  derived  1  r>‘m  bare  me  i  r  i  <  —  a  1 1  i  t  u  ..V  ,<  .■ 

TAS  “  True  airspeed  in  fr/s 

W^g  ~  Tabulated  value  of  the  head  wind  ( •  y  > 

on  the  surface  for  the  select.  J  wind  pi  r  .  in 


Air-mass  flight-path  acceleration  (y  ,)  ■  ■  tuu!  .  •’  u  nv. 

pot  a 


"IAS/. 


pot -A 


\  t 

/ 


where 


ATAS/r.ee  -  rate  o!  leu.,  >1  1  At-  ,  '  t 


Ml 
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(b)  I  VC  mode 


FIGURE  4-2  SYMBOLOGY  SELECTED  FOR  THE  INERTIAL  HUD  (IHUD) 


Hi  i  :  .1  i  n  1  -  i  i  v  i  I  ' .  v  i  .  i  >  i .  \  \u  i  n«  • ;  :  t  >.  t <  :AA  )  in  >'.'u  ;  un>  ! 


wit  h  British  Aerospace  it  hilt.-::  i-.  mt>*'  is.  w.v  •  i  a  a  !ert  in;;  l  in-  (>i  ! 

sooner  ot  har.ari  -  ind  shear  :  1 1  i.-as  .  :’u-  •;  ;  .oiv’.-  ies  i;;n  an. 

development  simulator,  set  a;  to  r»  pr ill  i  I*.  V  ‘  ■  a  e  - .  even  ■  hi  it  kp 

in  tost  >  complet  eu  in  m  .si  la'  t .  !  > .  -  air  ■  :  i  in-  ::  i'  ;  was 

trl-.  v  t'oas  iSi.1  1 1  v  of  on-,  ar.l :  n v/iud  sin  a  r  info  nun:  i  •  «»,  a  illl) .  ' :  1 1  > ! 

'>'■)  a  1  r  1  •  no  pilot  s  to.  i:  part  .  .  :  •  rial.-;,  h  c  :  !  !.«•;•!  ii\  iao  1  ' 

■different  apor-i  mile..,  in  r  a-.-  a  i  -si  . t  .  r  a  '  ;  ..  appri  .u  in  \  1 1 

manual  ind  seme  ant  erna  t  i  c ,  with  \  'i  wt-al  !•••!  -m  Ji  lions.  }  c  vera’  ■ 
included  wi  mishear,  the  model  u‘  this  !><  !  iv.  a  de-veis.i  re !  1  *.  nit 

the  runwa>  centreline..  i  .  ■.  j  t . .  •  i . .  i.sis  :  :  an  'In  !•■■!..<;  have  not 

pub’  1  shed ,  but  pilots  who  adapt  o<>  t.a  the  ( ;  i :  i  <  i-  I  v  •  ei  who  had  pies  i 

}~*D  experience)  seemed  to  find  t  hr  aid  us  at  a  1  when  :  i  ng  app  roa  !'«  * 
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(2)  Status  of  Development. 

In  the  United  States,  the  FAA  is  currently  evaluating  the 
use  of  head-up  displays  for  wind  shear  as  a  part  of  their  Head-up  Display 
Evaluation  program. 

In  Britain,  British  Aerospace  has  examined  ways  of  using  the  HUD  for  Wind 
Shear  alert  HUD,  per  se,  is  not  currently  available  in  production  aircraft. 

( 3 )  Projected  Availabil ity . 

It  is  likely  that  current  airliners  will  utilize  other 
wind  shear  systems  described  herein.  However,  the  next  generation  of  air¬ 
liners  will  probably  rely  on  HUD. 

Cos  t . 

HUD  is  a  display  of  wind  shear  data  rather  than  a  system.  For 
aircraft  initially  designed  with  HUD,  there  will  be  no  increase  in  cost  for  the 
display  itself  for  wind  shear  applications.  For  add-on  systems  similar  to  the 
one  being  installed  in  the  DC-9-80,  a  complete  add-on  set  for  one  pilot  is 
projected  to  cost  $75-1 10K  exclusive  ot  the  cost  of  certification, 
e.  Safe  Flight  Instrument  Corporation  Wind  Shear  System. 

( 1 )  Description 

The  Safe  Flight  instrument  Corporation,  which  pioneered 
the  mass  production  of  pre-stall,  warning  indicators  for  aircraft,  has 
developed  a  wind  shear  monitor  system  which  will  be  tested  soon  by  the  FAA. 

This  system  does  not  utilize  a  direct  measurement  of  ground  speed.  Instead, 
it  use3  inputs  of  airspeed,  angle  of  attack,  and  pitch  attitude;  these 
inputs  are  processed  along  with  the  outputs  from  a  vertical  and  a  longitu¬ 
dinal  accelerometer,  to  detect  the  rate  of  change  of  headwind,  and  the 
angular  displacement  of  the  aircraft  due  to  downdraft.  Signals  representing 
these  two  quantities  are  summed  to  form  the  tiotal  wind  shear  output  signal  , 


If. 


obtained  by  taking  the  airspeed  signal  and  passing  it  through  a  high 
pass  filter.  The  inertial  acceleration  signal  is  obtained  from  an 
accelerometer  built  into  the  wind  shear  computer.  The  accelerometer 
signal  i a  summed  with  a  pitch  attitude  signal  to  cancel  the  gravity 
component  of  the  accelerometer.  A  wash-out  circuit  is  also  employed  to 
cancel  errors  due  to  prolonged  acceleration.  This  inertial  acceleration 
signal  is  summed  with  the  airspeed  rate  signal  producing  the  horizontal 
shear  signal. 

The  vertical  component  is  obtained  from  a  vertical  accelerometer  in 
the  computer.  The  vertical  accelerometer  signal  is  negatively  summed 
with  a  gamma  rate  signal  (amplified  by  the  airspeed  signal)  to  cancel 
the  effects  on  the  vertical  accelerometer  due  to  changes  in  aircraft 
flight  path.  This  sum  is  integrated  then  divided  by  the  airspeed, 
thereby  obtaining  a  draft  angle.  This  signal  is  equivalent  to  the  Down- 
draft  Drift  Angle  of  the  flight  path. 

The  Downdraft  Drift  Angle  of  the  flight  path  is  then  combined  with 
the  horizontal  shear  signal  and  forms  the  total  wind  shear  output  signal. 
This  signal  Is  fed  to  an  indicator  and  a  comparator.  At  a  pre-set 
level,  a  warning  output  is  activated. 

The  wind  shear  indicator  displays,  in  units  of  acceleration  (g's), 
the  sum  of  the  Downdraft  Drift  Angle  and  the  rate  of  change  of  head  wind 
component.  The  wind  shear  alarm  threshold  is  set  to  trip  at  a  sus¬ 
tained  horizontal  shear,  or  a  sustained  Downdraft  Drift  Angle,  or  any 
combination  of  Downdraft  Drift  Angle  and  horizontal  shear  that  would 
total  an  equivalent  signal  level. 
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A  unique  feature  in  the  wind  shear  system  is  a  cross-over  monitor 
network.  This  circuit  senses  zero  cross-overs  of  the  combined  wind 
•hear  warning  signal  and  compares  them  against  a  time  reference.  By 
doing  ^his,  the  computer  is  continually  checking  the  validity  of  its 
wind  shear  computation.  If  the  wind  shear  signal  does  not  go  through  a 
band  around  zero,  at  least  once  every  25  seconds,  the  computer  will 
provide  a  flag  alerting  the  pilot  that  the  system  is  inoperative. 

( 2 )  Stat us  of _  Developmen t 

Has  previously  been  developed  and  tested  in  NASA-  Ames 
B-727  simulator.  Currently  undergoing  flight  tests  at  NAFEC. 

( 3 )  Availability 

Currently  available. 

(4)  Cost 

$7K  with  indicator  shown  in  Figure  4— 3 ;  $7,800  witli  both 
voice  warning  and  indicator. 
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f.  Smiths  Industries  Wind  Shear  System 
(1)  Description 

In  England,  British  Airways  is  developing  a  wind  shear 
system  which  measures  the  rate  of  change  of  total  energy  (kinetic  plus 
potential  energy)  of  the  aircraft.  In  this  system,  energy  rate  is  derived 
from  two  outputs  from  the  aircraft's  air  data  computer,  those  which  drive 
the  airspeed  indicator  and  the  vertical  speed  indicator  (VSI) .  The 
information  is  presented  on  an  extra  pointer  on  the  VSI  as  shown  in  Figure  4-5  . 
The  normal  function  of  the  VSI  remains  unchanged. 

The  Vertical  Speed  Indicator  (Figure  4-5)  is  arranged  so  that  a  second 
concentric  pointer  (1)  is  added  indicating  Energy  Rate  to  the  same  scale 
(2)  as  Vertical  Speed.  The  original  Vertical  Speed  needle  (3)  is  unchanged. 


Figure  4-5 
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Energy  Kate  in  derived  as  follows: 

Total  Energy  --  Fotentiul  Energy  -»  Kinetic  i'K'ifj 


=  mgh 

•+  -Jravc’ 

...  (O 

Energy  Ht 

=  "'otal 

Energy /Uni  t  Mass. 

=  h 

•>  v^/Kg 

...  (2) 

Energy  Rate 

=  dh/dt 

4  V/ft-  dv/dt 

=-■  l 

+  V/E.  v 

...  (?) 

Vhere  h  =  height,  v  =  airspeed 

i.e. 

Energy  Kate  =  Vertical  Speed  -t  Kinetic  Kate  ft/tr::/ 

Energy'  Hate  has  units  of  d i stance/ time ,  and  can  be  computed  :n  ft/min 
and  indicated  to  the  sane  scale  as  Vertical  Speed. 

In  speed  -  stabilised  flight  the  v  term  of  equation  (?)  i;  by  c .  f  .r.it ; 
z era,  i.e.  Kinetic  Rate  is  zero  and  Energy  Rate  is  equal  to  Vertical 
Speed.  The  Energy  Rate  pointer  (1  )  of  (FIG.  1  )  is  therefor.'  hidden 
under  the  Vertical  Speed  pointer  (?)  during  speed-stabilised  flr.-nt. 
The  Energy'  Rate  pointer  may  be  thought  of  as  indicating  the  rtr«r.t :  .1 
Vertical  Speed.  Hence  in  (FIG.  1  )  the  actual  Rate  of  Descent  rs 
ft/min,  but  the  potential  Kate  of  Descent  (i.e.  Energy  Rate)  is  12.'.' 
ft/min. 

Movement  of  the  Energy  Rate  pointer  may  be  either  pilot  cr  atmosphere- 
induced. 


PILOT  ACTIONS 

ATMOSPHERE 

Throttle 

Windshear 

Stick 

Configuration  Change 
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( 2 )  Status  of  Development 

Simulations  were  accomplished  in  April  1979  with  satisfactory 
results  in  a  simulated  aircraft  representative  of  a  BAC  1-11  500  at  80,000  lb. 
with  mid  c.g.  It  was  recommended  that  the  L1011-1  simulator  be  modified 
to  provide  more  and  more  realistic  wind  shear  test  and  that  flight  tests  be 
conducted  of  the  two-pointer  VS1  in  an  L1011-1  aircraft  to  permit  airborne 
evaluation. 

(3)  Availability 

This  system  could  be  available  subsequent  to  flight  evaluations, 
g.  SFENA  Wind  Shear  System 
(1)  Description 

A  system  somewhat  similar  to  the  British  Smiths  Industries  wind 
shear  system  described  in  paragraph  f  above .has  been  developed  by  the  French 
avionics  firm  SFENA.  However,  details  on  its  operating  principles  are  consi¬ 
dered  proprietary  by  the  manufacturers,  and  are  not  available  at  this  time. 

The  FAA  plans  to  test  one  of  these  systems  during  the  next  phase  of  the  wind 
shear  program. 

The  system  comes  in  two  models  depending  on  whether  or  not  the  airplane 
possesses  a  intertiaL  navigator.  The  system  consists  of  2  indicators  (one 
for  pilot  and  one  for  co-pilot)  which  replace  the  vertical  speed  indicators 
and  a  computer  to  compute  energy  rente. 

(2)  Status  of  Development 

The  SFENA  system  was  simulated  in  the  NASA  Ames  B-727  simulators 
in  1979.  A  complete  operating  system  Is  scheduled  for  installation  in  NAFEC's 
B-727  in  early  1980  for  evaluation. 
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(  il  Aval  1 ab i  I  1 1 y 

SFF.NA's  Washington  i  i  prosen  t  a  I  i  v«-  *  estimates  that  i  In  -•  •'  ■. 1  <  •" 
could  he  available  by  the  end  of  1980  if  there  were  a  demand. 

(4)  Cost 

Accelerometer  package  with  two  indicators  which  replace  the 
vertical  speed  indicators:  :)12-15K. 

h.  Data  From  Previous  Airborne  Measurements 
(1)  Description 

A  ground  derived  hazard  evaluation  and  warning  system  utilizing 
data  from  previous  airborne  measurements  is  illustrated  by  Figure  4-b.  Its 
concepts  include: 

•  Acquiring  and  processing  atmospheric  disturbance  data  from 
other  aircraft  on  final  approach,  to  more  accurately  assess  the  environment 

•  Providing  more  sophisticated  computer  capability  than  available 
in  airborne  systems,  since  ground  facilities  cost  normally  is  less  constrained 
than  airborne  equipment  cost 

•  Providing  a  hazard  evaluation  service  to  aircraft  that  arc  not 
equipped  for  total  autonomous  evaluations 

•  Inserting  a  human  controller  into  the  hazard  evaluation  process, 
with  both  raw  data  and  hazard  evaluation  displays,  to  monitor  and/or  supplement 
the  automatic  system. 

This  system  would  require  an  air/ground  data  link  to  provide  the  ground 
station  with  air  derived  airspeed,  groundspeed,  and  altitude. 

1  Dr.  Roger  Phaneus  (SFENA  Consultant)  (202)  296-7650 
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Figure  4  b.  Ground  Derived  Hazard  'valuation  and  Warning  Sv-^tein 


(2)  Status  of  Development 

Conceptual.  Has  not  been  simulated  as  a  part  of  the  K.XA's  pile 

simulation  program. 

( 3 )  Aval  Jab  1 1  i_t^ . 

Three  to  five  years. 

(4)  Cos  t 

Engineering  estimates  for  this  conceptual  system  are: 

(a)  Airborne  user 

?  100- >300  per  participating  aircraft  to  modity  DA BE  to 
downlink  airspeed,  groundspeed ,  and  altitude  pin,  cost  of 
a  groundspeed  source. 


(b)  Ground  Costs  (per  Installation) 

Computer  —  '  1  '.»on 
Display 1  000 

(c)  Data  Links 

No-costs.  Down Jink  would  be  by  DABS;  uplink 
by  voice  from  controller  to  landing  airctaft,. 
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1 .  Grounds peed 

As  indicated  in  the  previous  system  descriptions,  groundspeed . 
or  (approximately  the  same)  slant  ratine  rate  tn  the  g 1 i de  path  intercept  point 
on  the  runway,  is  a  missing  state  variable  needed  to  determine  longitudinal 
wind  at  the  airplane. 

( 1 )  Inertial^ Navigators . 

A  source  of  grounds peed  is  available  on  those  aircraft 
which  possess  an  Inertial  Navigation  System  (INS)  or  a  Doppler  navigator 
but  it  must  be  instrumented  and  displayed.  A  significant  part  of  the  l-'AA  effort 
has  been  devoted  to  the  job  of  coming  up  wi Lh  a  system,  much  less  expensive 
than  the  Inertial  or  Doppler  navigator,  which  would  provide  an  updated 
readout  of  groundspeed  at  least  once  every  five  seconds  and  preferably  about 
two  and  to  displaying  groundspoed/ai rspeed  in  a  manner  most  easily  understood. 

(2)  DME _Groundspeed 

Off-the-shelf  grounds  peed  Indicators  based  on  DMF.  are  not 

satisfactory  for  measuring  groundspeed  for  use  in  a  wind  shear  system 

without  improvement. 

One  such  improvement ,  developed  and  tested  by  the  FAA  reduced  DM!, 
averaging  times  to  less  than  5  seconds  by  using  an  accelerometer  with  Kalman 
filtering,  with  a  resulting  accuracy  of  tl.5  knots. 

In  a  concurrent  program  Sierra  Research  developed  a  precision  range 
tracker  which  is  an  add-on  to  the  airborne  DME  equipment,  and  which  vnnides 
a  groundspeed  readout  with  a  5-second  averaging  accuracy  of  +  1.5  knot--, 
or  a  3-second  averaging  accuracy  under  +  3  knots. 


ft- 2b 


As  discussed  In  rh.ipl  or  V,  however,  DMI',  .iciiir.iiv  in  .1  mull  ipalli 
environment  is  not  satisfactory  tor  grounds  peed  measurement  . 

(a)  Projected  Aval  lab i l i ty . 

Improvements  to  the  airborne  l)MK  are  development  items  and 
would  require  12-18  months  lead  time  to  be  available  iu  production  quantities. 
Installation  of  ground  DMF.  transponder  would  be  the  pacing  item 
as  they  would  require  normal  F  4.  K  budgeting  planning  and  would  pronaii  lv 
have  to  be  phased  over  5-10  years. 

(  b )  Cos  t . 

The  cost.  ('I  improving  a  now  product  DMF.  is  estimated  to  be 
$500  per  unit  additional  cost.  the  cost  nt  an  add-on  box  to  an  ins'  ii red 
DMF.  such  as  the  Collin  860- E  would  be  $2000  if  the  ground  transponder  is 
located  at  least  4000  feet  beyond  threshold  and  not  more  than  720  foot  off 
runway  centerline.  If  ground  transponders  are  not  Located  within  these 
limits, an  additional  $1800  cost  will  be  required  to  provide  offse'  compu¬ 
tational  capability  to  the  airborne  DMF.. 

Each  required  new  ground  DMF.  transponder  will  cost  $45K.  Generally,  a 
gr<  mid  transponder  will  be  required  for  each  runway  end.  However,  on  long 
runways,  a  centerfield  DME  could  serve  both  runway  ends.  (See  Appendix  F 
for  siting  constraints). 

(  i)  I.nneherg  Lens . 

Another  concept  lor  obtaining  groutulspeed  emplovs  the  niilerr.o 
weather  radar,  plus  a  special  reflector  (Luneberg  lens)  which  wo  iid  be  install, 
on  the  surface  of  the  airport.  The  special  coded  reflector  shifts  the  trequem 
of  the  returned  signal  which  is  then  processed  in  the  aircraft  to  provide  a 
groundspeed  readout.  Developed  hv  Stanford  Research  Institute  and  Marlow 
Industries,  the  concept  would  require  mod i 1 i cat i on  to  the  airborne  weather  ran 


and  the  installation  of  coded  i  tit.it  i  tin  l.uneberg  l.ens  at  each  ground  installat 
(a)  Projected  Availability. 

The  concept  has  been  tested  at  speeds  up  to  55  miles  per 
hour  and  found  to  be  technically  feasible.  Airborne  tests  would  be  required 
to  validate  the  concept,  at  approach  landing  speeds.  Projected  availability 
would  be  approximately  two  years  after  funds  are  made  available  for  the 
production  and  installation  of  the  ground  installations. 

(b)  Cost. 

The  cost  to  the  airborne  user  to  modify  an  RDR  1-K 
Bendix  airborne  radar,  the  one  used  in  the  Marlow  industries  developments, 
will  he  $10-12K.  The  cost  to  the  government  of  installing  a  Luneben;  lens 
will  be  $17K  per  installation.  Siting  limitations  for  the  Luneberg  lens 
should  be  similar  to  the  DME  limitation,  i.e.,  the  greater  the  distance  the 
lens  is  located  off  runway  centerline,  the  greater  the  groundspeed  error. 

(4)  ITS  Doppler  (Yetter  Croundspeed  Invention) . 

The  FAA  has  developed  and  tested  an  ILS  Doppler  which  super¬ 
imposes  a  sine-wave  subcarrier  tone  on  the  signal  of  a  conventional  I i  S 
localizer.  Special  circuitry  added  to  the  airborne  receiver  picks  off  the 
tone  signal  and  provides  a  groundspeed  readout  with  very  little  averaging 
time . 

( a )  Statu s  of  Deve lopment 

Brassboard  model  successfully  flight  tested.  However, 

603  ground  ILS  localizers  would  have  to  be  modified  to  assure  full 
utilization.  (See  Appendix  F)  . 

(b)  Projected  Availability 

1-5  years. 
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(  (_'  1  CoS  !  . 

I'.icii  airborne  in'un'ssm  is  e xpected  1  o  cosL  N't  ,  >00 
each  ground  Installation  38K.  both  the-  airborne  and  ground  element:,  reij 
a  very  precise  clock.  $4K  of  tlie  above  costs  ot  the  ground  element  is  ’ 
an  atomic  clock.  The  Navy  is  currently  funding  a  development  prog r ar.i  to 
reduce  the  costs  of  atomic  clocks.  It  the  objectives  ol  the  Navy's  prog 
are  realized,  the  cost  of  the  atonic  clock  could  drop  to  one  half  ol  its 
current  cost  of  $4K.  The  proposed  clock  tor  airborne  ..sers  in  the  court 
clock  at  a  cost  of  $500.  This  clock,  however,  would  have  to  be  periodic 
updated . 

(5)  GORAN 

General  Klee  trie's  \i  remit  Kqui  pinout  Division  has  dev  I 
an  add-on  to  an  off-the-shelf  radar  altimeter.  This  installation,  which 
called  CORAN  (Correlation  of  Radar  Aitimetering  for  Navigation!,  include 
two  receiving  antennas  mounted  a  specified  distance  fort1  and  aft  of  the 
radar  altimeter  antenna,  which  transmits  pulses  in  its  normal  manner, 
radar  echos  returned  from  the  ground  and  received  at  the  two  receivin' 
antennas  are  correlated.  As  the  distance  between  the  antennas  is  known, 
the  groundspeed  can  be  calculated. 

(a)  Pro  jected  Avai l  ab i 1 i ty  . 

A  system  has  been  produced  In  i  in-  FAA  fee  t  : 
NAFF.C  Gulfs t ream  aircraft.  General  Kleetric  has  invented  coin  iderab  1  «• 
development  funds  to  meet  the  anticipate  ;  need  lot  a  compel  it  i  \ cro-:- 


( b )  Cos t . 

The  current  prototype  costs  $30K  plus  considerable 
G.E.  funds.  G.E.'s  target  price  is  $10-15K.  The  lower  range  would  provide 
groundspeed  only  whereas  the  upper  range  would  provide  both  groundspeed  and 
radar  altimetry. 

( 6 )  Doppler  Velocity  Sens o rs . 

Marconi  Avionics,  England,  has  developed  a  low  cost  doppler 
velocity  sensor.  Model  AD660DVS  which  is  currently  being  installed  on  the  new 
Boeing  737  Airliners.  According  to  Marconi,  the  AD660DVS  can  be  installed 
in  large  or  small  aircraft  as  a  cost  effective  means  of  obtaining  groundspeed 
for  fuel  management,  wind  shear,  etc. 

A  similar  doppler  velocity  sensor  currently  utilized  for  helicopter 
has  been  developed  by  Decca  Corp. 

(a)  Status  of  Development. 

Doppler  velocity  sensors  are  current  off  the  shelf 

hardware . 


( b )  Projected  Ava 1  lab ility . 

No  delay. 

(c)  Cos  t . 

Marconi  Avionics  has  quoted  a  price  of  S25K  for  the 
AD660DVS  groundspeed  sensor.  The  Decca  Corp.  helicopter  model  will  cost: 


about  $20K. 


j .  Displays 


Several  methods  have  been  tried  for  displaying  groundspeed . 

One  is  a  digital  readout  directly  below  the  airspeed  indicator  or  directly 
above  the  ADI.  Another  Is  a  separate  pointer  on  the  airspeed  indicator; 
this  has  the  advantage  of  showing  the  relationship  between  airspeed  and 
groundspeed,  plus  the  capability  of  using  a  separate  "bug"  on  the  rim 
to  show  G  ej.  Other  methods  of  showing  groundspeed  include  a  vertical 
scale,  side-by-side  with  a  vertical  scale  for  the  airspeed. 

(1)  Cos  t  ■ 

Off  the  shelf  displays  are  not  available  for  concur ti nt i \ 
displaying  airspeed  and  groundspeed  but.  no  development  effort  is  required 
to  produce  such  an  instrument.  The  cost  is  expected  to  varv  f  t  •  »’*  Hie 
insignficant  cost  of  a  simple  two-way  selector  switch  up  to  ?i!K  (•  :  place 

the  airspeed  indicators  with  two  need 1 es/ tapes  or  digital  displo.  1.  •  < need . 


5.0  BENEFIT  ANALYSTS 
5.1  BENEFIT  SUMMARY 


Table  5-1  summarizes  rh<  relative  bciot  i :  et  .  .>r.tp,-j  i ■  ■  ■  !■ 
techniques.  Systems  that  provide  the  most  predictive  data  an  place  . 

on  the  list  (techniques  1-5).  Similarly  techniques  that  provide  the  easies 
pilot  interpretation  of  wind  shear  data  are  placed  highest  on  the  list. 
Reactive  systems  (Systems  6-8)  are  less  effective  than  predictive  systems 
inasmuch  as  most  large  turbojet  aircraft  do  not  have  sufficient  energy  on 
an  approach  at  normal  approach  speed  to  recover  from  the  most  severe  wind 
shear  encounters  by  reactive  procedures. 

TABLE  5-1.  RELATIVE  BENEFITS  OF  COMPETING  WINDSIIKAK  TECHNIQUES/SY.S  I  KMS 


RANK 


TECHNIQUE 


1 

2 

3 

4 

5 

6 

7 

8 


Airspeed/Groundspeed ,  Accel.  Marg.,  Mod.  Fit. 
Airspeed/Groundspeed,  Accel.  Marg.,  Mod.  Fit. 
Airspeed/Groundspeed,  Accel.  Marg.  &  Modified 
Airspeed/Groundspeed  and  Acceleration  Margin 
Airspeed/Groundspeed 

Safe  Flight  Instrument  Corp  W/S  System  (1) 
SFENA  Wind  Shear  System  (1) 

Smiths  Industries  Wind  Shear  System(l) 


Dir.  f. 
Dir.  f. 
Flight 


iic.i.i-Tp 
Sped  a  1 
Di rector 


Disc 

Disp 


(1)  The  last  three  reactive  systems  rank  equally  below  the  airspeed/ground- 
speed  technique. 


5.2  BASIS  FOR  DETERMINING  BENEFITS 

The  objectives  of  implementing  an  airborne  wind  shear  .system  or 
technique  are  to: 

•  Warn  pilots  of  potential  hazardous  wind  shear  encounters. 

•  Provide  pilots  with  in  flight  wind  shear  detection  and  aircraft 
control  guidance  for  coping  with  wind  shear  encounters. 


More  basical ly  the  objective  is  increased  safety. 


1 

All  techniques  evaluated  during  the  Low-Leve]  Wind  Shear  Simulation 

2 

increase  safety.  So  do  the  commercial  systems  being  developed.*" 

It  cannot  be  concluded,  however,  that  the  more  sophisticated  wind  shear 
systems  are  the  safest.  The  safest  system  may  be  the  system  which  prevents  the 
pilot  from  flying  into  an  unsafe  condition. 

No  recent  accidents  have  been  attributed  to  wind  shear.  Therefore,  the 
technique  of  making  pilots  aware  of  the  hazards  associated  with  wind  shear 
may  be  the  safest  of  all  techniques.  Similarly,  providing  pilots  with  a  svster. 
for  flying  through  a  hazardous  condition  may  be  the  least  safe  unless  accompanied 
by  extensive  training  and  special  restrictions  to  landing. 

With  respect  to  the  safety  of  airspeed/groundspeed,  the  modified  flight 
director,  and  the  acceleration  margin,  the  results  of  the  Phase  4  piloted  flight 
simulation  study  of  Low-Level  Wind  Shear  are  documented  in  Reference  4.  The 
Phase  4  simulations  compared  three  systems:  (1)  baseline  (unmodified  DC-10), 

(2)  Groundspeed  (with  a  special  run  evaluation  display)  and  (3)  a  combination 
airspeed/groundspeed  display  together  with  modified  flight  director  and 
acceleration  margin.  The  simulations  did  not  attempt  to  evaluate  the  modified 
flight  director  and  acceleration  margin  as  separate  wind  shear  systems.  It  is 
believed  that  this  is  the  correct  approach  and  that  the  acceleration  margin 
and  modified  flight  directors  are  options  that  can  be  added  at  additional  cost 
to  a  baseline  airspeed/groundspeed  system  (technique)  for  coping  with  the  wind 
shear  hazard.  Although  Reference  4  recommends  a  combination  of  Airspeed/Ground- 
speed.  Acceleration  Margin,  and  the  Modified  Flight  Director*  it  provides 
sufficent  data  to  show  that  an  Airspeed/Groundspeed  system  (technique.)  orovides 
an  increase  in  performance  over  a  baseline  technique  (no  aids)  in  several  of 
the  wind  shear  profiles. 


1.  References  1-4 

2.  Safe  Flight  Instrument  Corporation,  The  French  Avionics  Firm  SFKNA,  and 
Britian's  Smiths  Industries. 
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The  greatest  variable  in  analyzing  relative  system  benefits  is  grminJspeod 
accuracy  and  reliability.  However,  i or  a  wind  shear  system  containing  a 
given  groundspeed  source,  it  can  be  stated  that  the  pilot  will  be  able  to  cope 
with  wind  shear  better  if  lie  also  has  an  acceleration  margin  display;  still 
better  if  he  has  a  modified  flight  director;  and  best  of  all  if  he  has  both 
an  acceleration  margin  display  and  a  modified  flight  director.  A  still 
further  improvement  could  be  obtained  through  bettor  displays,  one  of  which 
is  the  head-up  display. 


5.2  ANALYSIS  OF  GROUNDSPEED  MEASURING  I KCHNIQUES 

The  relative  ranking  of  eight  airborne  techniques  for  measuring  ground- 
speed  are  provided  in  Table  5-2. 

TABLE  5-2.  RELATIVE  RANKING  OF  AIRBORNE 

TECHNIQUES  FOR  MEASURING  GROUNDSPEED 


Re lat ive 

Technique 

Ground 

Accuracy 

Ranking 

Stat  Lon 

Benign  Environment 

Multipath  Env 

1  (1) 

INERTIAL 

NONE 

GOOD 

GOOD 

2  (1) 

CONVENTIONAL 

DOPPLER 
(3-4  Beam) 

NONE 

GOOD 

GOOD 

3 

PRECISION  DMF. 

1 

1 

PDME  TRANS¬ 
PONDER 

GOOD 

GOOD 

A 

YETTER  ONE-WAY 

PRECISION 

GOOD 

GOOD 

. 

DOPPLER 

CLOCK  ON 

ILS  LOCAL¬ 
IZER 

i 

5 

CORAN 

i 

NONE 

i 

GOOD 

GOOD 

6 

MILES  PHOENIX 
DOPPLER 
(2  Beam) 

NONE 

FAIR 

FA  I R 

7 

MOD.  NAV.  DME 
WITH  PREDIC- 

DME  TRANS- 

| 

TIVF.  FILTER 

PONDER 

GOOD 

POOR 

8 

MARLOW  RADAR 

ROTATING  MINE- 

RANGE  RATE  (2) 

BERG  l.l-NS 

GOOD  j 

FAIR 

(1)  Rank  equally  as  a  source  of  groundspeed. 

(2)  Ranked  lowest  due  to  technic:.-;  1  risk.  Has  not  been  flight  tested.  Will  he 

moved  to  No.  7  if  technical  feasibility  is  demonstrated  at  approach  airspeed. 
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The  techniques  evaluated  are:  DME  with  predictive  filter*,  I'rocisi.-n 
(MLS)  DME,  one  way  Doppler  (Vetter  invention).  Radar  Range  Rate  (Marlow 
Industries  rotating  Luneberg  Lens),  inertial,  airborne  Doppler  (3  or  more 
beams),  airborne  Doppler  (Miles  Phoenix  2  beam),  and  G.E.'s  GORAN. 

Of  these,  the  first  four  require  cooperating  ground  stations;  the  latter  four 
are  s«lf  contained.  All  four  techniques  which  require  a  cooperating  ground 
station  suffer  some  degradation  when  operating  in  a  multipath  envi roument . ^ 
Therefore  operational  benefits  of  these  techniques,  all  other  factors  equal, 
could  be  less  than  the  five  techniques  that  do  not  require  a  ground  station.  The 
Marlow  Radar  Range  Rate  is  ranked  lowest  due  to  the  technical  risk.  Accuracy 
has  not  been  demonstrated  in  an  aircraft.  The  inertial  and  3  beam  doppler 
techniques  all  possess  the  accuracy  required  for  satisfactory  groundspeed 
measurement.  An  engineering  model  of  CORAN  with  the  required  groundspeed 
accuracy  has  been  procured  by  the  FAA  for  testing  at  NAFEC.  It  is  ranked 
below  the  previous  techniques  due  to  the  nonavailability  of  test  data.  The 
Miles  Phoenix  2  beam  Doppler  theoretically  possesses  accuracv  better  than 
systems  subject  to  multipath  errors  but  less  than  the  other  four  self 
contained  techniques  discussed  above.  However  these  systems  have  satisfactory 
accuracy  in  a  benign  environment.  Accuracy  test  data  of  the  Miles  Phoenix 
two  beam  Doppler  is  not  available. 

5.3  WIND  SHEAR  ON  TAKE-OFF 

It  should  be  noted  that  all  systems  or  techniques  for  coping  with 
wind  shear  are  landing  aids.  The  only  safe  technique  for  coping  with  wind 
shear  on  take-off  is  to  delay  take-off  until  the  hazardous  situation  passes. 


Reference  8  concludes  that  the  non-modified  navigational  DME  has  un¬ 
acceptable  accuracy.  A  predict ive  filter  modification  is  required  to 
provide  the  navigational  DME  with  suitable  accuracy  for  measuring  range  rate. 

Reference  10,  Figure  1 


5-4 


6.0  COST  ANALYSIS 


Table  6-1  presents  engineering  estimates  lor  the  various  component 
elements  of  alternative  techniques  for  coping  with  Low  Level  Wind  Shear 
on  landing.  Rationale  for  these  estimates  is  contained  in  Appendix  11. 

Four  scenarios  are  costed.  All  scenarios  are  based  on  a  turbojet  fleet 
of  2500  aircraft  landing  at  603  runways.  The  assumptions  for  each  scenario 
are  contained  in  Appendix  A.  The  assumptions  vary  the  user/FAA  costs  and 
sophistication  of  displays.  All  scenarios  assume  that  FAA  ground  system 
costs  would  be  phased  over  a  5  year  period  (FY  1983-1988).  The  full 
operational  date  of  those  systems  requiring  ground  transmitters  would  be 
1990. 

Investment  costs  in  current  do  Liars  for  the  four  scenarios  are  presented 
in  Tables  6-2  through  6-5.  Operational  costs  are  presented  in  Table  6.6. 

On  a  simple  cost  basis,  the  relative  (least  costly  to  most  cost!  )  rank  In 
of  techniques  are: 

•  Airspeed/Groundspeed  with  Miles  Phoenix  groundspeed 

•  Airspeed/Groundspeed  with  Yetter  groundspeed 

•  Safe  Flight  Wind  Shear  System 

•  Airspeed/Groundspeed  with  CORAN  groundspeed 

•  Airspeed/Groundspeed  with  Modified  DME  groundspeed 

•  SFENA  Avionics 

•  Smiths  industries  Avionics 

•  Airspeed/Groundspeed  with  Marlow  (Luneburg  Lens)  groundspeed 

•  Airspeed/Groundspeed  with  Inertial  groundspeed 

•  Airspeed/Groundspeed  with  Doppler  groundspeed 

•  Airspeed/Groundspeed  with  precision  DME  groundspeed 

•  Head-Up  Uisplav 


f 
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TABLE  6-1.  WIND  SHEAR  SYSTEM  COMPONENT  COSTS  (X  $1000) 


SYSTEM 


WIND  SHEAR  GROUNDSPEED 
AVIONICS  AVIONICS  SURFACE 


COMPUTER  DISPLAY 


UNIT 

OPERATING 

COST/YEAR 


1 . 

AIRSPEED/GROUNDSPEED 
WITH  INERTIAL  NAV 

NR 

NR 

NR 

NR 

0-2 

0 

WITH  INERTIAL  GROUND 
SPEED  SYSTEM 

NR 

20 

NR 

NR 

0-2 

.75 

WITH  DOPPLER 
GRUUNUSPEED 

NR 

20-25 

NR 

NR 

0-2 

.80 

WITH  YETTER 
GROUNDSPEED 

NR 

4.5 

8 

NR 

0-2 

.34/. 6 

WITH  MARLOW 
GROUNDSPEED 

NR 

10-12 

17 

NR 

0-2 

.41/1 .2 

WITH  GE 

CORAN 

NR 

10-15 

NR 

NR 

0-2 

.45 

WITH  MILES  PHOENIX 
GROUNDSPEED 

NR 

3 

NR 

NR 

0-2 

.11 

WITH  MODIFIED  NAV 

DME  GROUNDSPEED 

NR 

2-3.8 

46  (1) 

NR 

0-2 

.11/. 45 

WITH  PRECISION  DME 
GROUNDSPEED 

NR 

9.1 

91 

NR 

0-2 

.34/. 45 

2. 

MODIFIED  FLIGHT 
DIRECTOR 

5-6 

(2) 

NR 

NR 

NR 

.19 

3. 

ACCELERATION 

MARGIN 

NR 

(2) 

NR 

0-2 

0-2 

0 

4. 

HEAD-UP  DISPLAY 

(3) 

(3) 

(3) 

NR 

75-100 

3.2 

5. 

SAFE  FLIGHT 

SYSTEM 

7 

NR 

NR 

NR 

NR 

.25 

6. 

SFENA 

SYSTEM 

12-15(4) 

NR 

NR 

NR 

NR 

.49 

7. 

SMITHS 

INDUSTRIES 

12-15(4) 

NR 

NR 

NR 

NR 

.49 

8. 

PREVIOUS 

MEASUREMENTS 

0.5 

(3) 

0.5 

(3) 

NR 

.02/. 01 

0) 

(2) 

(4) 

Not  required  if  suitable  DME  Ground  Transponder  is  installed 
Requires  a  source  of  GS  (3)  Data  may  be  obtained  from  any  WS 
Replaces  2  VS  indicators  valued  at  $2500  each 

sensor 

WIN'D  SHEAR  INVESTMENT  COSTS,  SCF'-:‘„<IO 


2  Vertical  Speed  indicators 


WIND  SHEAR  INVESTMENT  COSTS,  SCENARIO 


--quires  Ground 


TABLE  6-6.  WIND  SHEAR  OPERATIONAL  COSTS 
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WIND  SHEAR  SCENARIOS’ 


SCENAR 10  I 

The  Commercial  Turbojet  Fleet  consists  of  2500  aircraft.  367  o!  this 
fleet  have  inertial  navigators.  The  remaining  2153  have  no  readily  available 
airborne  source  of  groundspeed  information. 

The  commercial  Fleet  operates  from  certain  runways  on  which  ITS  landing 
aids  are  currently  installed  or  planned  (sec  Appendix  !■')  . 

Airborne  Wind  Shear  systems  fall  into  two  general  categories:  ( 1 >  self 
contained  airborne  systems  and  (2)  airborne  systems  that  are  dependent 
upon  a  ground-based  source  of  data.  Ground  data  for  the  latter  svst.em  arc 
provided  for  603  1LS  runways  (Appendix  F)  . 

Ground  DME  transponders  are  located  more  than  4000  feet  beyond  runway 
threshold  and  less  than  720  feet  from  runway  centerline. 

Displays  consist  of  a  single  needle  or  digital  displav  for  groundspeed 
and  a  go-around  light  display  for  acceleration  margin. 

Ground  systems  ( FAA  costs)  are  funded  equally  over  a  5  year  period 
beginning  in  FY  1983  and  ending  in  FY  1987  as  follows:  1.20  systems,  1983; 

120  systems,  1984;  120  systems,  1985;  120  systems,  1986;  and  123  systems,  198 

SCENARIO  2 

Same  as  .Scenario  f  except  •>  I  ]  DME  equipped  aircr.il,  are  able  to  eo"  "".e 
groundspeed  from  ground  transponders  located  more  than  720  feel  off  vunwav 
centerline.  Under  this  scenario,  18  fewer  ground  transponders  are  require,;. 

SCENARIO  3 

Same  as  Scenario  I  except  a  moving  tape  display  compares  airspeed  and 
groundspeed  and  the  real  value  of  aree  Irrat  ion  margin  is  used  f  r.  lieu  o; 


a  go-around  light. 


SCENARIP.4 

Same  as  Scenario  I  except  a  single  pilot  head- 


AIM’ I 'NO  I  X  II 

SOURCES  AMI)  BASIS  01-  COST  DATA 
1.  Inertia]  Navigators 

A  listing  of  inertially  equipped  aircraft  is  contained  in  Table  H- 1 . 


TABLE 

B-l .  U.S.  AIR 

CARRIER  FLEET 

EQUIPPED  W/ INS* 

Airline 

DC- 10 

747 

L1011  A 300 

American 

28 

11 

Brani f  f 

3 

Cont inental 

15 

Flying  Tiger 

6 

National 

16 

Northwest 

22 

21 

TransWor  Ld 

1 1 

30 

Pan  American 

43 

United 

37 

18 

Western 

9 

Delta 

28 

Eastern 

34 

Seaboard 

1 

3 

World 

3 

4 

Air  Canada 

6 

7 

CP  Air 

4 

Total  367 

116 

1 45 

99  _ 7 

*  This  data  was 

obtained  from 

the  May  1979 

issue  of  Air  Transport  World 

and  from  Mr.  Frank.  White  of  AT.A. 


Those  aircraft  equipped  wiLli  t  lie  Dolce  Car.iussel  4  inertia]  navigator 
or  equivalent  have  groundspeed  continuously  displayed  on  the  Horizontal 
Situation  Indicator  (HS ! ) .  TWA  has  21  aircraft  so  equipped. 

The  Flying  Tiger  B-747  possess  fewer  HSI  displays  than  Delco  Carroussel 
4  (see  TWA  above)  but  have  been  modified  to  display  "goundspeed"  on  the 
"miles  to  next  check  point"  display  at  any  time  groundspeed  drops  below  200. 

The  USAF  has  inertial  navigators  on  all  their  C-5A  and  C-141  fleet. 
Groundspeed  is  displayed  on  the  inertial  navigator  console. 

Costs  of  obtaining  groundspeed  from  an  inertial  navigator  is  a  display 
cost  and  not  a  source  cost  according  to  current  users  of  t ho  system. 
Groundspeed  is  available  as  a  binary  coded  signal  on  an  external  sour‘ 
or  display. 

Data  was  obtained  from: 

Lt.  Col.  L.  Wood  FAA  ARD  11?  1202)  -.26-9350 
Maj.  Tim  Hatch  USAF  Military  Airlift  Cmd.  (618)  256-3610 
Capt.  Bill  Sonnemann  Staff  Fit.  V.P.  TWA  (212)  557-3862 
Capt.  Jack  Bliss  Flying  'Mger-  (213)  831-1813 
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2 .  Inertial  Ground  Speed 

The  estimated  cost  of  an  Inertial  ground  speed  system,  designed  to  provide 
ground  speed  only,  will  cost  approximately  $20K.  This  cost  is  based  on  an 
estimate  by  Mr.  Joe  Cox,  FAA  Consultant. 

3.  Doppler  Ground  Speed 

The  cost  of  a  Marconi  AD660DVS  is  estimated  to  be  $25K,  wiLh  delivery  in 
June  1981.  This  quote  was  made  by  Mr.  John  Carter  of  the  Marconi  Atlanta 
Georgia  Office,  (404)  394-7800. 

The  cost  of  a  Decca  of  the  type  currently  used  in  rotary  wing  aircraft  is 
estimated  to  be  $20K.  This  cost  was  quoted  by  Mr.  bird  of  the  Decca  Washington 
Office:  587-1161. 

4 .  Yetter  Ground  Speed 

A  breadboard  Yetter  ground  speed  system  has  been  built  and  is  undergoing 
testing.  Production  costs  are  estimated  by  Mr.  Yetter  as  follows: 

Ground  costs  to  modulate  5  KHz  signal  (at  each  ILS  site) 

Electronics  $4000 

Rubidium  Clock  $4000 
Airborne  Costs  (each  airplane) 

Quartz  Clock  (has  to  be  periodically  updated)  ?  500 
Rubidium  Clock  (alternative  to  quartz  clock)  4000 
Electronics  4000 

5 .  Marlow  (T.unebuerg  Lens)  Ground  Speed 

Costs  of  $10-12  to  modify  the  airborne  radar  and  $17  K  for  each  runway 
end  were  obtained  from  Mr.  Ray  Marlow  (214)  494-2521  based  on  an  installed 
quantity  of  200-400  airborne  systems  and  700  ground  systems. 
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6.  G.  E.  CORAN  Radio  Altimetry  Ground  Speed 

Costs  were  obtained  from  G.  E.  Utica,  N.  Y.  (.'ORAN.'  Representative,  Mr. 
Eisenberg,  315-797-1000,  Ext.  7792.  The  prototype  CORAN  being  tested  bv  NAKEC. 
cost  the  government  $50K.  The  50K,  however,  was  not  the  real  cost  inasmuch  as 
most  of  the  development  was  funded  by  O.E.  G.  E.'s  target  price  for 
production  units  is  $10-15K.  The  top  price  would  include  radar  altimetry  data 
plus  ground  speed  -  the  lower  price  would  be  an  instrument  for  ground  speed  only. 

7.  Miles  Phoenix  Doppler  Ground  Speed 

The  estimate  of  $3000  for  a  production  quantity  beam  Decca  Doppler  was 
provided  by  Mr.  Harvey  Schwartz  (602)  994-8770.  The  unit  is  7 V  X  14'  X  2" 
in  size  and  could  be  mounted  in  the  wheel  well  and  thus  presents  no  spec ia 1 
installation  problems. 

8.  Navigation  DME  Ground  Speed 

Cost  estimates  were  obtained  from  Sierra  Research  Corp.  TR-1798,  28  dan. 
1978.  The  cost  estimate  of  $500  is  lor  a  new  product  DME,  $2000  is  for  an  add¬ 
on  box  to  present  DME  for  uncorrected  ground  transponder  offset  anti  $8800  is  for 
an  add-on  box  to  compute  along  track  velocity  from  an  offset  ground  transponder 
where  one  ground  transponder  serves  more  than  one  runway.  Airborne  receivers 
that  do  not  have  an  offset  ground  transponder  computational  capability  cannot 
measure  ground  speed  from  ground  DME  sites  more  than  720  feet  off  runwav 
centerline. 

Also  the  ground  transponder  must  be  more  than  4000  feet  beyond  threshold. 

This  means  that  most  airports  would  require  the  installation  of  a  $4bK  ground 
DME  transponder  on  each  landing  runway  not  currently  equipped.  The  S46K 
Includes  the  approximate  current  cost  to  the  FAA  but  does  not  include  maintenance 
and  spares.  Costs  of  future  production  buys  would  have  to  be  adjusted  for 
inflation. 
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9 .  Precision  DMK  Croundspeed 

Costs  of  $91,000  for  a  precision  DME  transponder  and  $9,100  f or  an 
airborne  receiver  are  based  on  the  cost  estimates  contained  in  the  U.f. 
Microwave  Landing  System  proposal  to  ICAO  as  inflated  at  10%  per  year. 

1 0 .  Mod ifl( -d  Flight  Director 

Cost  data  for  the  modified  flight  director  was  obtained  from  Collins 
Cedar  Rapids,  Iowa,  who  developed  the  flight  director  utilized  in  the  FAA’s 
wind  shear  tests.  Estimated  prices  are  based  on  a  modified  flight  director 
similar  to  those  simulated  during  the  FAA/SRI  wind  shear  program  as  follows: 

a)  The  flight  director  system  to  be  modified  will  include  two  multi 
axis  flight  director  boxes  similar  to  Lhe  Collins  562A-5F5.  The 
modification  cost  for  each  of  these  boxes  will  be  approximated 
$4,000. 

b)  FAA  performance  requirements  will  result  in  modification  of  nil 
three  axes  of  flight  control.  This  requirement  will  result  in  the 
addition  of  at  least  one  accelerometer  In  each  axis  at  approximatc-1  y 
$1,000  each. 

c)  New  replacement  flight  directors  will  be  plug  replaceable  units, 
except  for  the  acc 1 eromet er  input  wiring.  These  flight  directors 
will  be  approximately  $6,000  each. 

d)  Installation  costs  do  not  include  the  possible  requirement  'or 
wind  shear  discrete  drive  i or  an  instrument  panel  displav. 

Collins  cautioned  that  actual  costs  cannot  be  projected  until  perform. e  .• 


factors  are  established. 


Acceleration  margin  la  a  computed  analog  quantitv  designed  to  indicate 
when  the  airplane  is  getting  Into  a  hazardous  situation  with  respect  to 
longitudinal  wind  shear.  Aircraft  with  computers  can  accomplish  this  function 
if  properly  programmed  and  provided  the  I ol lowing  inputs: 

Acceleration  capability  of  the  airplane 
Wind  component  at  ground  along  the  runwav 
True  airspeed  of  airplane 
Ground  speed  of  airplane 
A1 L i tude 

Rate  of  change  of  altitude 

Aircraft,  which  do  not  possess  an  airborne  computer  would  have  to 
procure  a  single  general  purpose  avionic  computer  at  a  cost  of  $1K 

1 2 .  Head-up  DispLay 

The  cost  of  installing  a  head-up  display  for  one  pilot  in  the  DC-9-bO 
is  estimated  to  be  $75-100  K  exclusive  of  certification. 

Source:  Jack  Me  Donne  1,  (213)  591-5616 

1 3 .  Size  of  Commerci al  Turboj et  Fleet 

Fleet  consists  of  2500  aircraft.  Of  these  367  have  inertial  --av  i  gar  ien 
(see  Appendix  B-l).  2133  would  require  a  source  of  groundspeed  for  wi mishear . 

Source:  Mr.  Daniel  R.  Keenan  AFS-  210  426-8096. 

1 4 .  Maintenance  and  Operating  Costs . 

Maintenance  costs  of  avionics  are  rough iv  1  to  llj  cents  per  riving  hour 
per  $1,000  of  acquisition  cost.  Bv  assuming  the  costs  of  the  investment 
shown  in  a  given  table  and  assumin',;  2300  i  Iving  hours  per  vear  the  maintenance 


cost  is  computed. 


1 5 .  T nltial  Spare  Units  (avion! cs) 

Tn  practice  major  air  carriers  stock  spare  avionic  units  at  airports 
around  the  country.  In  practice  the  number  of  spare  units  is  1/3  to  1/2  the 
number  installed  in  the  aircraft. 

16 .  Doucmen t a tlon  and  Training  (Avionics) 

If  one  assumes  that  the  cost  of  special  documentation,  training  two 
technicians,  and  procurement  of  special  test  equipment  is  $25,000  and  the 
airline  has  250  airplanes,  the  prorate-1  unit  cost  is  $100  p»-r  airciui t  . 

1 7 .  ILS  Runways 

All  airports  served  by  turbojet  aircraft  an?  authorized  ILS.  <‘f  tin  current 
and  planned  844  ILS  (AAF-120  report  dated  dune  1  2,  1979)  603  are  a1  L'OITUS 
airports  served  by  air  carrier  aircraft.  According  to  the  FAA  Terminal  Area 
Forecast  the  remaining  ILS  runways  have  no  current  or  projected  air  carrier  ■ 

operations. 

18 .  DMF.  Requirements 

Of  the  603  ILS  runways  11  are.  currently  equipped  with  L'MK .  For  DMF 
groundspeed  computation  519  ground  transponders  would  be  required  tDMI.  located 
more  than  4000  feet  beyond  threshold  and  less  than  720  feet  'ft  runvay  eenter- 
1 ine)  . 

19.  Yetter  Invention  Requirements _ 

Of  the  603  ILS  runways  603  ILSs  would  require  nou i r  at  Lon  for  tie?  Yet  tor 
Groundspeed. 

20.  Lunenberg  Lens  Requirement  , 

Of  the  603  ILS  runways  all  would  require  l.unonherg  lens  1  or  the  Mat  1 ow  1 


Groundspeed  Technique. 


21.  Safe  Flight  I  nslruiia'nt  l  urjmr.it  ion  Wind  Clear  Sys  1  i'iii 

Cos  t  In  format  ion  was  obtained  I  rum  Kandv  Creen  (914)  940-9  50(1 ,  .  >  l 
Safe  Flight. 

22.  S  F  EN  A_ WJjnd  Shear  System 

Cost  Information  was  obtained  from  Dr.  Roger  I’haneuf,  SFENA  consultant 
and  Washington  contact .  Telephone  (202)  296-7650. 

2  J  .  Smiths  Industries  Wind  Siiea  r  Sys  t  em 

Cost  is  estimated  to  be  competitive  with  SFENA  which  uses  same  principles . 
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APPEND !  X  C 


Ground  Equipim-nt  1  ns t a  1  1  a 1  i > ai 
Phns ing 


1983 

1984 

1985 

1986 

1987 
L988 
1989 
L990 
L991 
L992 

1993 

1994 

1995 

1996 
L  99  7 


Set  n,ir  io 

Scena r i 

') 

0 

0 

60 

h3 

1  80 

1  8  ■ 

100 

'■li 

•'4  20 

540 

540 

6Q3 

485 

60  3 

385 

603 

385 

40  3 

585 

608 

5  6  5 

40  3 

5  8  "*■ 

6,i  } 

'•3  8 

603 

5.3  5 

603 

58 

603 

48  5 

998 


AITINPIY  u 


(.OSI  rUMI'UIAI  IONS 

Scenario  I  ( XS 1 ,000 ,000) 

1 .  Inert  lal 

Groundspeed 

*1133  acfl  X  Inertial  G  S  Source  "*$20,000  $42.66 

2133  .left  X  displays  1  $250  0.53 

367  aeft  have  inertial  navigators  X  displavs  o$250  o_.*hl 

$43.26 


2.  Doppler  Groundspeed 

2133  aeft  X  $22,500 

367  aeft  X  displays  •■*  $250 

3.  Yet  ter  Groundspeed 

2133  aeft  X  $4,500 

36  7  aeft  X  displays  n250 

KAA  Costs: 

603  ILS  X  $8,000 

4.  Marlow  Groundspeed 

2133  aeft  X  $11,000  (average) 
367  aeft  X  display  i,,250 
Total  User  Costs 

FAA  Costs 

603  II. S  runways  X  $17,000 


s  . .  '  ,  U  (* 


6.0S 


12 


$  0 . 6  0 
1  .  ■  J 

6  0.69 


S  !  '  0  .  A 
_JM»9 
$23. 6 5 


$10.75 
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APPENDIX  I)  COST  UIMI’HTA  f I  ( (NS  CC.iiu  limed) 


5 .  <;.  K.  (,'oran 

215  3  at- 1  i  X  $10,000  12  1.  H 

367  arft  X  displays  0$250  j.iiO 

$2 1 .  <2 

6.  Miles  Phoenix  Groundspeed 

2133  a.- ft  X  $3,000  $  6.40 

2133  Displays  (?$250  0.35 

367  inertial  acft  displays  t'l’SO  0.00 

$  7 . !  ■  ■ 

7.  Mod  If  loti  Navigation 

DMH  Groundspeed 

213  3  art':  X  $2,000  f 

2300  at:  1  t  X  displays  WS250  0.6', 

Total  user  cost  $  4.40 

1 AA  Costs 

519  New  DME  Transponders  0346,000  $2 3. S' 

8.  Precision  DME  Groundspeed 

2133  acft  X  $9,100  ^'4.  ,i 

2500  displays  0  $250  _  \i >  i 

Total  User  Cost 

EAA  Costs 

(519  +11)  runways  0  $91,000  $ < 7 

9.  Safe  Flight  System 

2500  X  $7,000  $17. 30 

10.  SFENA  System 

2500  X  $12,000  $30.00 
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APPEND  LX  I)  COST  (A  >MP1'TA'I  IONS  (Continued) 
II.  Smith  I  nilust  r  i  es 
.’500  X  Si.’, tun) 

L2.  Previous  Measurements 

2  500  nr  ft  X  $'>00  (iJsei 
390  Airports  X  $500  ( FAA ) 

1).  Mtidified  Flight  Director 
2500  X  $GK 

14.  Acceleration  Margin 
2133  X  $1K 


Scenario  2: 


Same  us  Scenario  1  except  DMF  Around  cd : 
2133  at: ft  X  $ 3800 
2500  a  eft  X  displays  ">  $2  5n 


Total  user  costs 


FAA  Costs 

501  New  DME  Transponder <  -  $ A A, 000 


Scenario  3: 

Same  as 

Scenario  i  c' 

;«■'!  !  -  i  f 

-pi  vs 

2  5  )0 

n*ft  X  $^000 

Scenario  4: 

Same  as  Uterine  e-  t  displ.ivs 
2 5 ()0  arf;  y  .o.,.- 

*Avvr;iKc  oi  tin  •  •  i  .  :  I O 
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APPEND  I  X  I. 


I’ roj> ram/ Pr  ojer  i  Yc.n  Discount  i n  ines 


PRESENT  VALUE  OF  $]  (S 

ingle  Amount  -  To  be  used  when 

cash-flows  accrue 

different  amounts  each 

year) . 

Proj  ee t 

Ca  lender 

!  0. 

Year 

Year 

1 

1981 

(i. 

2 

198:1 

1)  .  he  ; 

3 

1983 

t).  788 

4 

1984 

"  .  7  1  7 

5 

1985 

'  i  .  C 

6 

1986 

o.  4  »;• 

7 

1987 

8 

1988 

:  1 .  . 

9 

1989 

e  .  4  r 

10 

1990 

■  'it 

11 

1991 

ii,v 

12 

1992 

i .' .  i 

13 

1993 

U)  • 

14 

1994 

.  276 

15 

1995 

0.  ’5  : 

lb 

19  n. 

II..  . 

1  7 

1  99  7 

i ...  a  e 

18 

i  9‘->0 

o.  |  ,en 

19 

1999 

0.  1  "2 

20 

2000 

n.  1  sp 

Fact.-rs  are  based  on  ionl  I  immis  compound  i  ng  of  interest  it  the  stau-.c 
effective  rate  per  annum,  assuming  uniform  cash  flows  throughout 
stated  one-year  periods.  Those  factors  are  equivalent  to  an 
arithmetic,  average  of  Kegi  Miinr.  ,md  end  ot  t  he  voir  compound  nr 
factors  found  in  standard  present  v..!u.‘  tables. 


APPENDIX  F 


AiR  CARRIER  AIRPORTS  WITH  [l.S 


11  ? 

-»\1  * 

i  * 

State/Airport 

Commi ss ioned/Rwy 

P 1  aiini  U 

.  •  r  U' 

t.  n . 

80/81 

\ 

2 

Alabama 

Anniston 

OS 

i 

\ 

Bi rm Ingham 

05,2  1 

i 

1 

Dothan 

31 

i 

i 

Huntsv i 1 le 

18R.361. 

i 

Mobi  le 

14,32 

0 

- 

Montgomery 

09,2/ 

l 

Muscle  Shods 

29 

1 

Tuscul 1 osa 

04 

1 

i 

Ar i zona 

Chandler 

UNK 

i 

1 

Flagstaf f 

21 

i 

Grand  Canyon 

03 

1 

Phoenix 

08  R 

Tuscon 

11 L 

t 

Ryan 

UNK 

Yuma 

21 R 

1 

Arkansas 

Fayet  tevi l le 

16 

1 

i 

Ft .  Smith 

2  5 

07 

1 

Harrison 

36 

1 

i 

Hot  Springs 

05 

i 

Little  Rock 

04,27 

-■} 

Texarkana 

22 

l 

i 

Cal  ifornia 

Arc.nta-F.ureka 

31 

l 

I 

Bakers  field 

30R 

1 

L 

1 

Burbank 

07 

i 

1 

Chico 

1  3L 

1 

1 

Crescent  City 

11 

I 

1 

F  resno 

79  K 

i 

; 

Long  Beach 

30 

j. 

Los  Angeles  (Inti) 

07R,  OAR  (DMh),  071.  (DMF.)  ,  24L 

0 

'• 

24 K  (DMF)  ,  251.  (DME)  ,  25R  061. 

Marysville 

UNK 

1 

i 

Modesto 

28R 

1 

1 

Monterey 

10 

28 

2 

Oak  1  and 

11,  2 7 R ,  29 

) 

2 

On  t  a  r  i 

07,2  5 

1 

} 

Red  Bluff 

33 

1 

1 

Redding 

14 

1 

1 

*  Scenario  I.  DMF.  4000  I"!  from  threshold  and  loss  than  720  Ft  I  roai  ('on;.  .  !  i*ic 
Scenario  2;  UMF  4000  ft  fra!  t  lire  ;ho  I  >i  anil  greater  than  720  ft,  fro’*;  i  cnlorlin 
(Requires  airborne  computer  ) 
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APPENDIX  (Cunt  i  lined; 


1  l.S 

1  'Ml. 

DMK 

State/A  1 rport 

Comm  i  ss;  Imied/Rwy 

Planned 

80/81 

Seen 

Seen 

California  (Continued) 

Sacramento  (Metro) 

lb,  14 

i 

1 

San  Dei  go  (Lind.) 

09  ( DMK ) 

2  7 

i 

1 

San  Francisco 

19L,  281. 

1  OR 

2 

2 

Tracy 

IJNK 

1 

1 

San  Jose  (Muni.) 

m 

1 

1 

Colorado 

Arapahoe 

34 

1 

1 

Colorado  Spgs. 

1  7R 

35 

1 

1 

Denver  (Stapleton; 

OftK ,  361.  (DMK).  35L ,  33R 

1  71. 

O 

Durango 

02 

1 

1 

Grand  Junction 

1  1 

1 

1 

Pueblo 

07L ,  23K 

1 

i 

Connec:  t  tent 

New  Haven 

02 

1 

1 

Windsor  Locks 

06,  24,  33 

2 

1 

Delaware 

Wilmington 

01 

1 

1 

District  of  Columbia 

Washington  (Dulles) 

OIL,  01R ,  12,  19L ,  19R 

4 

1 

Washington  (Nat ' 1 ) 

18,  36 

i 

1 

Flor Ida 

Daytona  Beach 

061. 

| 

1 

Ft.  Myers 

05 

1 

1 

Ft.  Lauderdale 

091. 

09R ,  27R 

■> 

2 

Gainsvil le 

28 

1 

i 

Jncksonvi 1 Le 

07,13,25 

o 

i 

Miami  (Inti.) 

091.,  09R,  2  71, ,  27R 

1 2 ,  .10 

4 

3 

Orlando  (Inti.) 

361. ,  36R 

1 8R 

'•> 

i 

Orlando  (Herndon) 

07 

1 

Panama  City 

14 

1 

1 

Pensacola 

16 

1 

.1 

Sarasota 

31 

1  3 

i 

i 

St.  Petersburg 

17 

1 

1 

Tampa 

18L,  36L 

18R 

2 

1 

Tallahassee 

27 

1 

1 
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APPENDIX  (Coni i nued ) 

1 !  S 

!>MK 

DM}- 

State/A  Irport 

Comm Iss 1 uned/Kwv 

P  1  aim.  -.1 
H0/H1 

S.  .Ml 

■  ’  * 

Georgia 

Atlanta  (Hartsf ield ) 

09L ,  09R,  OH,  2b,  271.  27K 

2 

-> 

Augusta  (Bush) 

35,  17 

1 

i 

Columbus 

05 

1 

i 

Macon 

05 

1 

j 

Savannah 

09 

18,  27 

i 

i 

Valdosta 

35 

1 

i 

Idaho 

Bo  iso 

I  OR 

1 

i 

Idaho  Falls 

20 

1 

] 

Lewis  ton 

20 

1 

\ 

Pocatello 

21 

1 

t 

Twin  Falls 

25 

1 

l 

I  llinois 

Bloomington 

29 

? 

; 

Ca rbondale 

18 

1 

1 

Champaign 

31 

1 

1 

Chicago  (Midway) 
Chicago  (O' Hare) 

04R,  13K,  311. 

04L,  04 R  ,  091. ,  09R  , 

14 L,  UP  (DME) 

i 

1 

221.,  22H  ,  271.,  27R  , 

321. ,  32R 

.  i 

k 

Decatur 

06 

i 

Marion 

20 

1 

i 

Moline 

2  7 

1 

1 

Mt.  Vernon 

23 

1 

1 

Peoria 

30 

12 

» 

Quincy 

03 

.1 

i 

Rockf  ord 

16 

] 

1 

Springf ield 

04 

2  ’ 

I 

1 

Indiana 

Bloomi ngton 

35 

1 

1 

Evansville 

22 

0-i 

J 

1 

Ft.  Wayne 

04,  31 

1 

1 

Gary 

30 

1 

1 

Indianapolis  (Muni.) 

041, ,  22R  ,  31 

13 

t 

1 

South  Bend 

27 

09 

2 

Iowa 

Ames 

31 

1 

1 

Bur  1 ington 

36 

1 

1 

Cedar  Rapids 

08 

27 

2 

Des  Moines 

121.,  30R 

1 

1 

Dubugul 

31 

1 

1 
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APPENDIX  (Continued) 


II.S 

DM1 

DM! 

State /A i  r  po  r i 

Comm  I  us  I  oned  / II  wy 

Planned 

Seen 

Seen 

80/81 

Iowa  (Continued) 

Davonnnrf 

14 

1 

1 

Fort  Dodge 

O'. 

1 

1 

Mason  City 

35 

1 

1 

Sioux  City 

31 

13 

1 

1 

Waterloo 

12,30 

1 

1 

Kansas 

Carden  City 

35 

i 

1 

Good  1  and 

30 

1 

1 

Great  Bend 

35 

1 

| 

Hutch i nson 

1  3 

1 

: 

Hays 

34 

1 

i 

Johnson  Co. 

35 

l 

i 

I.  i  be  r  1 1 

35 

i 

Manha 1 1  an 

03 

1 

T 

1 

MrFa i r  fax 

35 

1 

Sal ina 

35 

1 

1 

Topeka 

13,  31 

1 

1 

W  i  t  cliita 

0 ! R ,  19R 

'■) 

Kentucky 

Covington  (Grtr.  Cin.) 

09R ,  18,  2  71.,  3(3 

- 

I.exington 

04 

22 

0 

London 

15 

1 

1 

Louisville  (Stand) 

01,  19,  29 

o 

n 

Paducah 

04 

1 

1 

Lou  I s 1  ana 

Alexandria  (Esler) 

2  b 

1 

1 

Baton  Rouge 

13,  22 

l 

1 

Monroe 

04 

22 

*- 

New  Orlans  (Moisnt) 

01,  10 

28 

> 

1 

Shreveport  (Grtr.) 

13,  3! 

> 

Maine 

Augusta 

1  7 

] 

i 

Bangor 

;j 

15 

1 

1 

Portland 

11 

29 

•> 

1 

Z- 

Maryland 

Baltimore 

10,  15R,  28 

] 

\ 
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APPEND  TX  ((‘out  inued  ) 


1  i.S 

dmi: 

DMI. 

State/Airport 

Comm i ss ionod/Rwy 

Planned 

Seen 

See. 

80/81 

Mnssaohusset ts 

Boston 

04R ,  I5R,  27,  331. 

22L 

1 

l 

Hyann i s 

24 

15 

1 

1 

Martha's  Vineyard 

24 

1 

1 

Nantuokett 

24 

33 

1 

i 

New  Bedford 

05 

23 

) 

Mich  igan 

Alpena 

36 

1 

1 

Battle  Creek 

22 

1 

1 

Benton  Harbor 

27 

1 

1 

Detroit  City 

15,  13 

') 

O 

Detroit  (Willow  Run) 

1  5R 

2  3L 

2 

Detroit  (Metro) 

03L,  03R ,  211.,  2 1  R ,  27 

2 

1 

1 

Fscanaba 

09 

; 

; 

Flint 

09 

27 

.) 

o 

Grand  Rapids 

08R ,  261. 

2 

2 

Houghton  (Hancock) 

31 

1 

1 

Iron  Mountain 

01 

1 

Ironwood 

27 

1 

] 

Kalamazoo 

35 

17 

7 

■? 

Lansing 

09,  27 

2 

2 

Marquette 

OR 

i 

j 

Manistee 

27 

1 

i 

i 

Menomi nee 

14 

1 

1 

Muskagon 

32 

23 

) 

Pel  Is ton 

32 

1 

1 

Sag i naw 

0.5 

23 

1 

] 

Travise  City 

28 

36 

i 

j 

Minnesota 

Bemidj 1 

31 

] 

1 

Brainerd 

22 

1 

1 

Duluth 

09,  2  7 

j 

T 

Hibb  i ng 

f! 

I 

] 

International  Falls 

31 

i 

1 

Mpl.  St.  Paul 

04,  HR,  22,  29L  (DME) ,  29R 

1 

Rochester 

13,  31 

2 

2 

Thief  Rvr.  Falls 

31 

1 

1 

Mississippi 

Columbus 

18 

1 

1 

Greenville 

1  71, 

1 

1 

AITKNIHX  (C..ni 


ILS 

l/MF 

DMi: 

State/ A  1 rpor t 

Comm i ss 1  <  med/Rwy 

Planned 

Seen 

Seen 

80/81 

Mississippi  (Continued) 

Greenwood 

18 

1 

1 

Gulfport 

13 

1 

1 

Jackson  (Thompson) 

15L,  33L 

1 

1 

Meridian 

01 

19 

1 

1 

Tupelo 

18 

1 

1 

Missouri 

Cape  Girardeau 

10 

1 

1 

Columbia 

02 

1 

1 

Ft.  Leonard  Wood 

14 

1 

1 

Joplin 

1  3 

35 

1 

1 

Kansas  City  (Inti) 

01,  09,  19 

2 

1 

Kansas  City  (Mid  Cont) 

27 

1 

l 

St.  Louis  (Lambert 

06,  12R,  24,  30L 

3 

0 

Montana 

Bil lings 

09 

27 

1 

i 

Butte 

15 

1 

1 

Bozeman 

12 

1 

1 

Great  Falls 

03,  34 

1 

i 

Helena 

26 

1 

1 

Kallspell 

01 

1 

1 

Missoula 

11 

1 

1 

W.  Yellowstone 

01 

1 

1 

Nebraska 

Grand  Island 

35 

] 

1 

Hastings 

14 

1 

1 

Lincoln 

35  L 

17R 

1 

1 

Norfolk 

01 

1 

1 

North  Platte 

29 

1 

1 

Omaha 

14R,  12L 

1 

1 

Scot  tsb 1 uf  f 

30 

1 

1 

Nevada 

Carson  City 

UNK 

1 

1 

Elko 

?  a 

1 

Ely 

c.  J 

18 

1 

\ 

1 

1 

Las  Vegas 

25 

1 

L 

Reno 

16  (DME) 

J 

0 

0 

New  Hampshire 
Keene 


F-6 


02 


1 


1 


-  ~  n 

Al'I’f-  N I >  IX  ( < 'i>ii t  i  niii-iJ  ) 


i  i.S 

!>M! 

'  ■  m  ; 

State/Airport 

Comm i ss i  •  med / Kwy 

1*  1  a  mu  d 

Si  •  ■  i , 

!  H‘  \ 

80/81 

New  Hampshire  (Continued) 

Lebanon 

07 

18 

1 

Manchester 

IS 

1 

New  Jersey 

Atlantic  City  (NAFEC ) 

1  1 

1 

) 

Mil  1  vi lie 

10 

; 

Newark 

041. ,  04K 

1 

Titerboro 

Ob 

l 

] 

T  renton 

Ob 

1 

New  Mexico 

Albuquerque 

08 

1 

Ga  1  1  up 

06 

1 

Roswell 

21 

i 

Silver  City 

26 

; 

New  York 

Albany 

01,  19 

Binghamton 

16.  14 

7 

Buf f a  Lo 

OS,  21 

.1 

Elm  ira 

24 

06 

1 

Isl  Ip 

06,  24 

') 

I thica 

32 

1 

] 

New  York  (JFK) 

041.,  04  R  (DMF)  131, 

221.,  22R ,  311.,  31R 

4 

New  York  (Laguardia) 

13,  04,  22 

31 

i 

Niagra  Falls 

28R 

1 

1 

Syracuse 

10,  14,  28 

32 

■i 

i 

White  Plains 

16 

34 

2 

Utica 

]'),  33 

2 

North  Carolina 

Ashevi 1 le 

16,  34 

Charlotte 

361,  03 

18R ,  36R 

2 

.* 

Fayetteville 

03 

1 

3 

Greensboro 

14,  23 

05 

3 

Hickory 

Jacksonville 

05 

1 

1 

Kl ngston 

04 

1 

New  Bern 

04 

1 

1 

Raleigh 

05,  23 

2 

Rocky  Mount 

04 

1 

i 

Wi 1 mington 

34 

1 

Winston  Salem 

33 

1 

1 

F-7 


APPEND  IX  ( ('•  >nl  i  tuic-d  i 


II.S 

MMF 

DME 

Stnte/A  i  rp<>r  t 

Comm  lush  iiit-il  /  Rwv 

P 1  acui.il 

Si  ell 

Si  en 

80/81 

North  Dakota 

Bi smarak 

31 

1 

1 

Fargo 

33 

1  7 

1 

1 

Grand  Forks 

33 

1 

1 

Jamestown 

30 

1 

1 

Minot 

31 

1 

1 

Ohio 

Akron  (Canton) 

0 1,33,  1  9 

2 

2 

Cleveland  (Hop) 

03R  ( DUE )  23R,  281. 

18R,  361. 

3 

2 

Cleveland  (LRF) 

24R 

1 

1 

Columbus 

U3 

1 

1 

Columbus  (Post) 

101.,  1  OR ,  2HI. 

1 

1 

Dayton  (Gen) 

20 

1 

1 

Davton  (Main) 

061.,  18,  241.,  24R, 

3 

a 

To  1 edo 

2  3 

1 

1 

Toledo  (Express) 

IL¬ 

1 

i 

Youngs Lown 

IA,  12 

-> 

2 

Oklahoma 

Enid 

35 

1 

1 

Lawton 

35 

1 

1 

McAlister 

01 

1 

I 

Oklahoma  City  (WR) 

171.,  17R,  3  SR 

3 

1 

Ponce  City 

17 

1 

1 

Tulsa 

171.,  35R 

17R,  351. 

3 

3 

Oregon 

F.ugene 

.16 

1 

1 

Kalmath  Falls 

32 

i 

1 

Medford 

14 

1 

1 

North  Bend 

04 

1 

i 

Pend  I eton 

2  SR 

i 

1 

Port  1  and 

101, 

1 

1 

Portland  (Inti) 

1  OR ,  20,  28R 

1 

1 

l 

Redmond 

1 

] 

Pennsy  Ivania 

A1 1 entown 

0b,  13 

1 

1 

Bradford 

32 

14 

2 

"> 

Erie 

06,  24 

2 

Middletown 

1  3 

1 

1 

Meadvi  He 

25 

1 

1 

Newcast 1 e 

04 

1 

1 

Philadelphia  (Inti) 

09R ,  271  ,  2  7R 

17 

a 

? 

F-8 


APPENDIX  (Ci  m  i  1 1 1 1 ( ■  1 1 ) 

n.s  dmi:  dmi: 

State/Airport  Cumin  i  ss  i  oiud /Kwv  Planned  Sion  Soon 

80/81 


Pennsylvania  (Continued) 


Pittsburg 

32 

1 

i 

Pittsbugr  (Gtr) 

1  Ob,  28L 

10R,  28R ,  32 

3 

') 

Reedsvllle 

06 

1 

] 

W1  lkes-Barre 

04 

22 

2 

J 

W 1 1 1 iamspor t 

27 

i 

1 

Rhode  Island 

Providence 

23L,  05R,  34 

3 

o 

South  Carolina 

Anderson 

05 

1 

: 

Charleston 

15 

33 

1 

1 

Columbia 

1  1  ,  29 

j 

Florence 

09 

1 

i 

Greer 

0'3 

21 

2 

Greenville 

36 

1 

Myrtle  Beach 

23 

] 

South  Dakota 

Aberdeen 

31 

] 

1 

Huron 

12 

1 

1 

Pierre 

31 

1 

'! 

Rapid  City 

32 

1 

1 

Sioux  Falls 

03 

21 

1 

i 

Water town 

33 

1 

1 

Yankton 

31 

1 

Tennessee 

Bristol 

22 

04 

■) 

J 

Chattanooga 

02,20 

O 

Clarksville 

34 

] 

1 

Jackson 

02 

1 

1 

Knoxville 

041. ,  22K 

Memphis  (Inti  ) 

09,  1 71.,  I/R,  35L,  3M< 

2  7 

Nashville 

02L,  31 

20R 

Texas 

Abilene 

3  SR 

I 

Amarillo 

04 

i 

1 

Austin 

12R,  30b 

1 

1 

Beaumont 

11 

1 

1 

Brownsvi 1 le 

13R 

1 

1 

Corpus  Christi 

13,  35 

2 

Dallas  (Love) 

13b,  31 L 

1 

] 

Dal las/FTW 

17b,  1  7R ,  3 1 R ,  lib,  35R 

3 

3 

K-9 


APPKNDl  X  ((  'Mil  i  mu-el ) 


its  n  Mi: 

Planned  Seep 
80/81 


StjUe/Alr£o  L' 


Cumin  1  ss  i  onyd/Rwy 


DMF 

Seen 


Texas  (Continued) 

El  Paso 

Houston  (Inter  Cont) 
Houston  (Hobby) 
Houston  (Inti) 

Kil leen 

l.aredo 

Longview 

Lubbock 

McAllen 

Midland 

San  Angelo 

San  Antonio 

Temple 

Tyler 

Victoria 


22 

03 

08,  14,  26,  32 

17C 

13 

17R 

13 

10 

03 

03R,  12R,  30 L 
15 
13 
121. 


Utah 

Cedar  City 

Salt  Lake  City  lf,L.  w- 


Vermont 

Barre  Montpelier 
Burlington 


Virginia 

Charlottesville 

Danville 

Hot  Springs 

Lynchburg 

Newport  News 

Norfolk 

Richmond 

Roanoke 

Staunton 


03 


24 
03 
06 
05, 
06 , 
05, 
04 


23(DME) 
15,  33 
33 


Washington 

Paac.o 

Seattle  (Boeing) 

Seattle  (SEA-TAC) 

Richland 

Spokane 

Yakima 


21R 

13R 

16R,  34R 

03,  21 
2  7 


1  1 

32  1  1 

1  1 

2  2 

01  1  1 

1  1 

1  1 

26  1  1 

1  1 

1  1 

1  1 

■)  2 

1  1 

) 

1  1 

20  1  5 

16R  2  2 

1  1 

1  1 

1  1 

12  1  1 

1  1 

1  1 

1  1 

1  1 

1  1 

2  2 

1  1 

1  t 

l  1 

34L  1  1 

18  1  3 

1  1 

1  1 


F-J0 


APPEND !  X  (Coni  limed  ) 


State  /  A 1  rjxi  r  t 

Comnii ss 1 nncd /Kwv 

11. S 

IM  aimed 
80/81 

West  Virginia 

Berkley 

10,  L9 

Bluet  1 e 1 d 

22 

Char  1 es  con 

23(l)MEj 

Clarksburg 

21 

Hunt i ngton 

L2 

30 

Lewisburg 

08 

Morgantown 

18 

Parkersburg 

03 

Whee  l  Ing 

03 

Wisconsin 

Appleton 

03 

Eau  Claire 

22 

Green  Bay 

06R 

24L,  36 

Jonesvi lie 

04 

LaCrosse 

18 

13 

Mad  Ison 

36,  18 

Milwaukee 

OIL,  07R,  19R,  25L 

Manistee 

27 

Mosonee 

08 

Oshkosh 

Rhinelander 

36 

09 

Wyom ing 

Casper 

03,  07 

Cheyenne 

26 

Jackson 

36 

Rock  Springs 

25 

Sheridan 

31 

Total  Airports  with  1  or  more  ILS  346 

Total  Mrports  with  ILS 

Uanned  for  1980-81  _  30 

Total  ILS  equlpped/Pl armed 

Airports  with  ILS  (96 

Total  ILS  Runways  603 

Total  runways  with  DME,  AT,  TI.S,  LOC,  1] 

Additional  DMEs  Required  (Srenario  1)  519 

Additional  DMEs  Required  (Scenario  2)  301 


I'-  1 1 


